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 Abstract 
The presence of chlorine in several areas of chemical industry, as well as in waste incinerators 
or plastic/polymer decomposition mills, may significantly reduce the life-time of the plant 
components due to its significant corrosivity potential. The development of protective 
metallic coatings is one of the solutions that may be taken to promote the long-term resistance 
of structural materials involved in these processes. A helpful tool can be corrosion prediction 
diagrams for designing optimized coating compositions. 
For this reason, a new concept for the assessment of high temperature corrosion resistance in 
oxygen-chlorine containing environments has been developed. This development was based 
on an evaluation of the state-of-the-art and was leading to the concept of the “dynamic” quasi-
stability diagram. This new type of diagram is based not only on thermodynamic 
considerations (as for the diagrams existing so far) but also on the products and reactants flow 
through a gas boundary layer formed on the material surface.  
“Dynamic” quasi-stability diagrams, which were validated by kinetics investigations of pure 
metallic elements, suggest that Ni-Al and Ni-Mo-Al systems should be particularly suitable as 
protective coatings. In the present work such coatings were developed and characterized.   
After exposure tests under “oxidising” and “reducing” conditions, NiAlMo APS-coatings 
offered a higher corrosion protection potential than NiAl APS-coatings under both conditions. 
Under "reducing" environments, NiAlMo APS-coatings showed a particularly high corrosion 
resistance in comparison with conventional Ni-base and Fe-base alloys investigated in 
previous work. 
 
Kurzfassung 
Das Vorhandensein von Chlor in mehreren Bereichen der chemischen Industrie sowie in 
Müllverbrennungsanlagen oder in Kunststoff-Aufbereitungsanlagen reduziert die 
Lebensdauer der Bauteile aufgrund seiner hohen Korrosivität. Die Entwicklung von 
metallischen Korrosionschutzschichten ist eine mögliche Lösung, um die 
Langzeitbeständigkeit von Strukturwerkstoffen in diesen Anwendungsbereichen zu erhöhen. 
Eine wertvolle Hilfe stellt die Entwicklung von Werkstoffbeständigkeitsdiagrammen dar, um 
die Auswahl der Beschichtungszusammensetzung der Korrosionsschutzschicht zu optimieren.  
Zu diesem Zweck wurde ein neues Konzept zur Beurteilung der 
Hochtemperaturkorrosionsbeständigkeit in Sauerstoff-Chlor-Atmosphären entwickelt. Diese 
Entwicklung basiert auf der Bewertung des Stands der Technik  und führte zum Konzept des 
“dynamischen“ Quasi-Stabilitätsdiagramms. Dieses neue Diagrammkonzept beruht nicht wie 
die bisherigen Diagramme nur auf der Grundlage thermodynamischer Überlegungen, sondern 
berücksichtigt auch den Transport der Reaktanden und der chemischen Reaktionsprodukte 
durch eine Gas-Grenzschicht auf der Materialoberfläche. 
Die entwickelten “dynamischen“ Quasi-Stabilitätsdiagramme, die durch kinetische 
Untersuchungen der reinen metallischen Elemente validiert wurden, deuten darauf hin, dass 
insbesondere Ni-Al und Ni-Mo-Al Schutzsysteme als Korrosionsschutzschichten geeignet 
sind. Schichten dieser Art wurden in der vorliegenden Arbeit entwickelt und charakterisiert. 
Sowohl nach Auslagerung unter "oxidierenden" und als auch unter "reduzierenden" 
Bedingungen zeigen NiAlMo APS-Beschichtungen ein höheres Korrosionsschutzpotential als 
NiAl APS-Beschichtungen. In "reduzierenden" Umgebungen zeigen NiAlMo APS-
Beschichtungen eine besonders hohe Korrosionsbeständigkeit im Vergleich mit Ni-Basis- und 
Fe-Basis-Legierungen, die in einer vorangegangen Arbeit untersucht wurden. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONTENTS 
CONTENTS 
 
1. INTRODUCTION ...............................................................1 
2. STATE OF THE ART.........................................................4 
2.1 High temperature corrosion..................................................................... 4 
2.2 High temperature oxidation..................................................................... 4 
2.2.1 Metal-oxygen reaction................................................................................ 4 
2.2.2 Growth of oxide scales ............................................................................... 6 
2.3 Thermodynamics of high temperature corrosion in chlorine 
environments........................................................................................................ 8 
2.3.1 Fundamentals.............................................................................................. 8 
2.3.2 Different types of diagrams for theoretical corrosion risk prediction 13 
2.3.2.1 Conventional stability diagram......................................................................... 13 
2.3.2.2 Quasi-stability diagram ..................................................................................... 14 
2.3.3 Experimental observations on the stability of pure metals and as 
alloying elements ..................................................................................................... 17 
2.4 Kinetics of high temperature corrosion in chlorine environments .... 21 
2.4.1 Fundamentals............................................................................................ 21 
2.4.2 Experimental investigations on the kinetics behaviour of pure metals 
and their alloying effects......................................................................................... 26 
2.5 Atmospheric Plasma Spraying (APS)-coatings for corrosion 
protection ........................................................................................................... 28 
2.5.1 Thermal spray techniques ....................................................................... 28 
2.5.2 Atmospheric Plasma Spraying (APS)..................................................... 28 
2.6 Thermal expansion of solids................................................................... 30 
CONTENTS 
3. MATERIALS AND EXPERIMENTAL METHODS.....31 
3.1 Materials and specimen preparation .................................................... 31 
3.1.1 Bulk materials ........................................................................................... 31 
3.1.2 APS-coatings ............................................................................................. 34 
3.2 Test program and experimental methods............................................. 36 
3.2.1 Measurement of the coefficients of thermal expansion (CTE)............. 36 
3.2.2 Thermogravimetric measurements......................................................... 38 
3.2.3 Exposure tests ........................................................................................... 39 
3.2.3.1 Bulk materials..................................................................................................... 39 
3.2.3.2 APS-coatings ....................................................................................................... 41 
3.3 Sample analysis after the exposure tests............................................... 41 
3.3.1 Metallographic investigation ................................................................... 41 
3.3.2 Scanning Electron Microscopy (SEM) and Electron Probe 
Microanalysis (EPMA) ........................................................................................... 42 
4. RESULTS ...........................................................................43 
4.1 Microstructural characterisation of the materials and coatings before 
exposure.............................................................................................................. 43 
4.1.1 Bulk materials ........................................................................................... 43 
4.1.1.1 NiAl bulk material.............................................................................................. 43 
4.1.1.2 Alloy L2 ............................................................................................................... 43 
4.1.1.3 Alloy L3 ............................................................................................................... 44 
4.1.1.4 Alloy L4 ............................................................................................................... 45 
4.1.2 Coatings ..................................................................................................... 46 
4.1.2.1 NiAl APS-coatings .............................................................................................. 46 
4.1.2.2 NiAlMo APS-coatings ........................................................................................ 49 
4.2 Coefficients of thermal expansion (CTE) ............................................. 53 
4.2.1 Determination of the heating rate to ensure  experimental 
reproductibility........................................................................................................ 53 
CONTENTS 
4.2.2 Coefficients of thermal expansion of NiAl and the NiAlMo bulk 
materials ................................................................................................................... 54 
4.2.3 Comparison of the experimental CTEs with the Bozzolo-Ferrante-
Smith (BFS) model .................................................................................................. 56 
4.2.3.1 The Bozzolo-Ferrante-Smith (BFS) method .................................................... 56 
4.2.3.2 Results given by the BFS prediction and   comparison   with experimental 
values……………………………………………………………………………………57 
4.2.4 Conclusions on the suitability of NiAl and NiAlMo alloys as protective 
coating for conventional steels in terms of the CTE ............................................ 62 
4.3 Exposure tests of the pure metals and two reference alloys in 
chlorine/oxygen environments ......................................................................... 64 
4.3.1 Thermogravimetric curves and calculation of the rate constants of 
evaporation kl........................................................................................................... 64 
4.3.1.1 Aluminium .......................................................................................................... 64 
4.3.1.2 Molybdenum ....................................................................................................... 66 
4.3.1.3 Alloy 201 (nickel) ................................................................................................ 67 
4.3.1.4 Zirconium............................................................................................................ 68 
4.3.1.5 Hafnium............................................................................................................... 69 
4.3.1.6 NiAl alloy and alloy B2 (β-Ni4Mo phase): influence of alloying on the kinetics 
of Ni, Al and Mo chlorination ....................................................................................... 70 
4.3.1.7 Summary of the linear evaporation rate constants kl calculated from the 
thermogravimetric curves ............................................................................................. 71 
4.3.2 Assessment of the activation energies of metal chloride evaporation . 73 
4.3.3 Preliminary conclusions from the kinetics investigations .................... 74 
4.4 Exposure tests of the experimental alloys in chlorine/oxygen 
environments...................................................................................................... 75 
4.4.1 Short term exposure in “reducing” atmosphere ................................... 75 
4.4.1.1 Alloy L2 ............................................................................................................... 75 
4.4.1.2 Alloy L3 ............................................................................................................... 75 
4.4.1.3 Alloy L4 ............................................................................................................... 76 
4.4.1.4 Conclusions for this atmosphere ....................................................................... 78 
4.4.2 Short term exposure in “oxidising” atmosphere ................................... 78 
CONTENTS 
4.4.2.1 Alloy L2 ............................................................................................................... 78 
4.4.2.2 Alloy L3 ............................................................................................................... 80 
4.4.2.3 Alloy L4 ............................................................................................................... 80 
4.4.2.4 Conclusions for this atmosphere ....................................................................... 81 
4.4.3 Longer term exposure at 600°C in “reducing” atmosphere: influence 
of Mo in the NiAl binary system ............................................................................ 81 
4.4.3.1 NiAl ...................................................................................................................... 81 
4.4.3.2 Alloy L2 ............................................................................................................... 84 
4.4.3.3 Alloy L3 ............................................................................................................... 84 
4.4.3.4 Alloy L4 ............................................................................................................... 84 
4.4.3.5 Conclusions for longer term exposure.............................................................. 84 
4.5 Exposure tests of the APS-coatings ....................................................... 85 
4.5.1 Exposure in “reducing” and “oxidising” atmospheres ......................... 85 
4.5.1.1 Exposure in “reducing” atmosphere ................................................................ 85 
4.5.1.2 Conclusions for this atmosphere ....................................................................... 88 
4.5.1.3 Exposure in “oxidising” atmosphere ................................................................ 89 
4.5.1.4 Conclusions for this atmosphere ....................................................................... 93 
4.5.2 Longer term exposure in “reducing” atmosphere ................................ 94 
4.5.3 Conclusions of the longer term exposure in “reducing” atmosphere.. 94 
5. DISCUSSION .....................................................................98 
5.1 Prediction diagrams ................................................................................ 98 
5.1.1 Quasi-stability diagrams ........................................................................ 100 
5.1.1.1 Hertz-Langmuir equation................................................................................ 100 
5.1.1.2 Development of quasi-stability diagrams for  zirconium and hafnium....... 103 
5.1.1.2.1 Quasi-stability diagrams for hafnium ................................................................. 103 
5.1.1.2.2 Quasi-stability diagrams for zirconium............................................................... 105 
5.1.1.2.3 Comparison of the quasi-stability diagrams of different elements ................... 106 
5.1.1.3 Limitation of the quasi-stability diagrams..................................................... 107 
5.1.2 Building the basis for a new type of diagram, the “dynamic” quasi-
stability diagram: assessment of corrosion based on transport through the gas 
boundary layer....................................................................................................... 109 
CONTENTS 
5.1.2.1 Mass transfer of metal chlorides through the gas boundary layer.............. 109 
5.1.2.2 Expression of  the gas flow: The Fick’s laws ................................................. 112 
5.1.3 Development of “dynamic” quasi-stability  diagrams ........................ 114 
5.1.3.1 “Dynamic” quasi-stability diagrams .............................................................. 114 
5.1.3.1.1 Four ranges for the corrosion in Cl2/O2............................................................... 114 
5.1.3.1.2 Gas diffusion coefficients ...................................................................................... 117 
5.1.3.1.3 Principles of the "dynamic" quasi-stability diagram development .................. 118 
5.1.3.1.4 “Dynamic” quasi-stability diagrams for hafnium .............................................. 119 
5.1.3.1.5 “Dynamic” quasi-stability diagrams for zirconium ........................................... 121 
5.1.3.1.6 Comparison of the different "dynamic" quasi-stability diagrams developed for 
different elements ................................................................................................................. 122 
5.1.3.2 Comparison between the “static” quasi-stability diagram and the “dynamic” 
quasi-stability diagram approach ............................................................................... 123 
5.1.3.3 “Dynamic” quasi-stability diagrams and results  from kinetics investigations 
of pure elements............................................................................................................ 127 
5.1.3.4 Development of an evaporation rate expression involving a limit value..... 128 
5.1.4 Further refinement of the “dynamic” quasi-stability diagrams: four 
ranges of the oxygen partial pressure.................................................................. 136 
5.2 General discussion of the alloying behaviour of elements and the 
predictions by the newly developed diagram ............................................... 137 
5.2.1 Nickel and aluminium behaviour in NiAlMo alloys ................................. 137 
5.2.2 Molybdenum and zirconium behaviour in NiAlMo alloys ................. 139 
5.2.3 Discussion of the stability of the α-Mo phase under chlorine 
atmosphere ............................................................................................................. 141 
5.2.4 NiAl and NiAlMo APS-coatings in chlorine atmospheres .................. 144 
5.2.4.1 NiAl APS-coatings ............................................................................................ 144 
5.2.4.2 NiAlMo APS-coatings ...................................................................................... 146 
5.2.4.3 Mechanism of “active-oxidation” for porous structures .............................. 148 
6. CONCLUSIONS ..............................................................150 
7. REFERENCES.................................................................153 
 
Symbols and abbreviations 
Symbols and abbreviations 
 
A : material surface [cm²] 
APS : Atmospheric Plasma Spraying 
a : lattice parameter [Å] 
ae : lattice parameter at zero temperature [Å] 
BSE : Back Scattered Electron Analysis 
Ci : concentration of species i [mol.cm-3] 
DAB : diffusivity of species A in phase B [cm2.s-1] 
Ea : activation energy of metal chloride evaporation [kJ.mol-1] 
Ei : energy of atom i in an alloy [eV] 
EPMA : Electron Probe Microanalysis 
g : gas phase 
hi : mass transfer coefficient of species i [cm.s-1] 
Ji : flux of the diffusing species i [mol.cm-2.s-1] 
K : equilibrium constant of a chemical reaction 
k : Boltzmann constant / 1.3806505 × 10-23 [J.K-1] 
kl : linear rate of mass loss [g.cm-2.s-1] 
kd : metal chloride evaporation rate controlled by a diffusion process [g.cm-2.s-1] 
km : maximum evaporation rate of solid metal chloride (sublimation) [g.cm-2.s-1] 
kp : parabolic oxidation rate constant [g².cm-4.s-1] 
L : surface length [cm] 
M : molar weight [g.mol-1] 
N : Avogadro number 
p : pressure [bar] 
piB : partial pressure of species i in the bulk gas [bar] 
piS : partial pressure of species i at the sample surface [bar] 
pO2eq : oxygen dissociation partial pressure of metal oxide [bar] 
pO2ox 
 
: limit of pO2 above which in chlorine environment oxide formation is possible 
[bar] 
pO2sh 
 
: "self-healing" pO2, minimum pO2 required to form and maintain a dense, 
Symbols and abbreviations 
impermeable oxide layer [bar] 
Q : activation energy of metal oxide formation [kJ.mol-1] 
R : ideal gas constant / 8,314 [J.K-1.mol.-1] 
SEM : Scanning Electron Microscopy 
t : time [s] 
T : temperature [K or °C] 
Tm : melting point [K] 
T4 : temperature at which pMxCly = 10-4 bar [K] 
v : gas velocity [cm.s-1] 
V : rate of solid metal chloride evaporation (sublimation) 
v/o : volume per cent 
at. % : atom per cent 
wt.% : weight per cent 
∆m : mass change [g] 
α : linear coefficient of thermal expansion [K-1] 
αMxCly : solid metal chloride evaporation (sublimation) factor 
β : volumetric coefficient of thermal expansion 
δ : thickness of the gas boundary layer [cm] 
ε : void fraction of a porous structure 
θ : correction factor for the mass transfer coefficient assessment in a solid metal 
chloride scale 
ν : kinematic viscosity [cm2.s-1] 
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1. Introduction 
 
Chlorine containing environments are widely encountered in energy conversion, chemical and 
metallurgical industries e.g. in coal fired boilers, waste incinerators and polymer 
decomposition mills.  Figure 1 depicts oxygen and chlorine partial pressures and temperatures 
encountered in different industrial processes.  These processes involve temperatures up to 
1000°C, low oxygen content environments, i.e. “reducing” conditions, as well as high oxygen 
content environments, i.e. “oxidising” conditions.  
The key problem for corrosion resistance of metallic materials at high temperatures in 
chlorine containing environments results from the fact, that the corrosion products between 
metal and chlorine at high temperatures develop significant vapour pressures so that instead of 
forming a solid corrosion product layer on the metal surface, the volatile metal chlorides 
evaporate into the environment at high rates leading to rapid metal consumption. At 
sufficiently high oxygen partial pressures also metal oxides may be formed where some of 
them have considerable resistance against chlorine attack, e.g. Al2O3 and SiO2. However, not 
in all cases oxide formation can inhibit chlorine attack which is particularly true when the so-
called effect of “active-oxidation” (which will be explained in more detail in the following) is 
observed.  
The application of protective coatings is one of the solutions to improve the resistance of 
steels against chlorine corrosion at high temperature and to promote their long-term 
resistance. One of the ways often taken to optimize the design of protective coatings or of 
highly resistant alloys, is the development of stability diagrams as a corrosion risk assessment 
tool.  
In former investigations on the stability of materials in chlorine containing environments, 
conventional stability diagrams have been employed for the assessment of materials 
resistance. These conventional stability diagrams, however, possess a significant drawback in 
that they are only valid for solid and liquid phases. In the case of metal chlorides, however, as 
already mentioned, as a third phase gaseous corrosion products play a most important role in 
the corrosion mechanism and for the resistance of the material [1]. For this reason the concept 
of quasi-stability diagrams was introduced a few years ago [2-5]. In this case a limiting metal 
chloride partial pressure was defined above which significant evaporation of metal via metal 
chloride formation can take place leading to the respective metal consumption rates.  
These diagrams showed that molybdenum seems to offer a positive behaviour in reducing-
chloridising atmosphere, whereas aluminium has a positive behaviour in oxidising-
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chloridising atmosphere [4,5]. Furthermore, previous investigations on the resistance of iron-
base alloys and nickel-base alloys under chlorine environments showed that the latter may 
offer the highest resistance [2-5].  
The aim of the present work is to develop protective coatings for conventional steels, and 
particularly low alloy steels (low cost solutions), presenting a high resistance against chlorine 
attack under “reducing” as well as under “oxidising” conditions. Therefore, the coating design 
should obey the following two requirements: 
 - Chlorine resistance under “reducing” and under “oxidising” conditions 
- Compatible coefficients of thermal expansion (CTE) of the coating material and   
conventional steels in order to minimise the residual thermal stresses at the 
coating/substrate interface 
Thus, according to previous investigations and results of newly developed “dynamic” quasi-
stability diagrams, NiAl and NiAlMo APS-(Atmospheric Plasma Spraying) coatings were 
produced and tested in chlorine environment under “reducing” and “oxidising” conditions, as 
they are expected to offer the best compromise. To optimize the coating compositions, a 
preceding study on the corrosion behaviour and on the thermal expansion properties of several 
NiAlMo alloys as well as of NiAl alloys was carried out.  
The new approach of corrosion risk assessment diagram further developed for the present 
work and called “dynamic” quasi-stability diagram, deals with the situation where metallic 
components are exposed to a flowing Cl2 / O2 gas mixture [6]. This approach is based on the 
fact that a gas mixture has a particular flow rate, viscosity, Cl2 and O2 content which all 
influence the corrosion kinetics of the underlying metal. These characteristic parameters of 
the gas mixture as well as the system temperature and the diffusion properties of the species 
in a gas boundary layer will rule the corrosion behaviour and define the ability of a material to 
resist under these environments. In the new approach as a criterion for materials resistance, 
the rate of metal thickness loss will be used. A material would be considered as resistant 
under a specific Cl2 / O2 environment if the rate of thickness loss is below a critical value. 
Depending on the type of use of the material this could be e.g. 0.1 or 1 mm / year. Such an 
approach has the advantage to take all the different parameters mentioned above into account 
(contrary to the simple criterion used in the “static” quasi-stability diagrams, i.e. pMxCly =10-4 
or 10-5 bar, where only thermodynamic considerations are regarded) and, thus, can be of 
significant help for assessment of corrosion resistance in particular when looking at industrial 
use.  
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For validation these “dynamic” quasi-stability diagrams will be compared with the 
evaporation rates of metal chlorides from pure elements measured for the present work under 
chlorine atmospheres, as well as with the corrosion behaviour of the NiAl and NiAlMo alloys 
and coatings investigated.    
At the end of this work two main results will be delivered: 
- An advanced type of corrosion risk assessment tool: The “dynamic” quasi-stability 
diagram (DQSD) 
- A new type of coating which is able to protect even low alloy steels and other alloys 
against chlorine attack at high temperatures under both “reducing” (low pO2) as well 
as “oxidising” (high pO2) environments 
 
 
 
 
Figure 1: Chlorine and oxygen partial pressures and temperature conditions in operation 
for different industrial processes [1] 
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2. State of the art 
 
2.1 High temperature corrosion 
 
Under most process gases (determined by the conditions of use), metals are 
thermodynamically unstable and will react to form oxides, sulphides, nitrides, chlorides, 
etc…, or mixtures of reaction products. The reaction rates increase rapidly with temperature 
and lead sometimes to a catastrophic corrosion. Such situations are encountered in many areas 
such as: 
 
- High temperature processes in the chemical process industries 
- Metal production and fabrication 
- Any type of combustion processes (e.g. power stations, jet engines, etc…) 
- Processes of gasification and liquefaction 
 
The question of corrosion resistance then becomes of paramount importance, as due to the 
loss of material, corrosion reduces the life time of constructional materials.  
The high temperature corrosion of materials in oxygen and/or chlorine containing 
environments was widely studied in the past, and is reviewed in the following chapters.  
 
2.2 High temperature oxidation 
 
2.2.1 Metal-oxygen reaction 
 
Oxidation is the most important type of reaction encountered in industrial gases. The term 
“High Temperature Oxidation“ is typically reserved for the conversion at high temperature, of 
metallic materials to solid oxides by interaction with hot oxidising gases or gas mixtures.  
 
The reaction of a metal M with oxygen gas O2 to form an oxide MaOb may be written as:  
 
)()(
2
)( 2 sOMgO
bsaM ba=+              (1) 
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This equation seems to be among the simplest chemical reactions, however the oxidation 
behaviour of a metal may depend on a variety of factors and the reaction mechanisms often 
prove to be more complex.  
The various stages and aspects of the oxidation of a metal are illustrated in Figure 2; the 
initial step in the metal-oxygen reaction involves the adsorption of gas on the metal surface. 
As the reaction proceeds, oxygen may dissolve in the metal, and oxide is formed either as a 
film or as discrete oxide nuclei. When a continuous film covers the surface, the reaction can 
proceed only through the solid-state diffusion of the reactants through the film.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Figure 2: Main aspects of metal-oxygen reactions [7] 
   
Corrosion resistance of alloys employed for service in high temperature oxidising 
environments relies on the formation of protective oxide scales on their surfaces. Protective 
scales are those that form rapidly on the alloy surface, that are solid-state diffusion barriers 
between the alloy and the environment and that are very resistant to spallation.  
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The protective scales typically found on oxidation-resistant high temperature alloys are Cr2O3, 
Al2O3 and SiO2; these oxides are thermodynamically very stable and grow slowly in 
comparison with the oxides of typical base metals (Fe, Co and Ni) for high temperature 
alloys.    
Nevertheless these layers are susceptible to mechanical failure, particularly spallation under 
thermal cycling, which can lead to excessive rates of oxidation [8]. The most effective method 
for reducing such damage, at least for Al2O3 and Cr2O3 scales, is by the addition of small 
amounts of so-called reactive elements, such as yttrium, cerium and hafnium, or oxide 
particles of those elements, to the alloy. This results in a considerable improvement in scale 
adhesion and maintenance of scale integrity under thermal cycling [8,9]. 
 
2.2.2 Growth of oxide scales 
 
The solid-state diffusional transport of the reactants may take place by various mechanisms: 
diffusion through the lattice and along the grain boundaries or other easy diffusion paths. As a 
general rule lattice diffusion tends to predominate at high temperatures.  
It is assumed as an ideal model that the scale is dense and continuous and adheres to the metal 
over the entire metal surface. Such an ideal case is covered by the Wagner oxidation theory 
[10-11]. 
The basic assumption of this theory is that the lattice diffusion of the reacting atoms or ions 
with the transport of electrons through the dense scale is rate determining in the overall 
oxidation reaction. 
As diffusion through the scale is rate determining, reactions at the phase boundaries are 
considered to be rapid, and it is assumed that thermodynamic equilibria are established 
between the oxide and the oxygen gas at the oxide/oxygen interface and between the metal 
and the oxide at the metal/oxide interface. During oxide growth, an oxygen partial pressure 
gradient exists across the scale from the partial pressure of oxygen at the oxide surface to the 
partial pressure of oxygen at the metal/oxide interface. For such a growth mechanism the 
growth rate of the scale follows a parabolic rate law with time [10-11] and the rate of mass 
increase of a protective oxide scale during the steady-state period of oxidation can be 
described by equation (2): 
 
( )
Am
k
dt
Amd p
/
/
∆=
∆                                                                   (2) 
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where ∆m is the mass change in g, A the material surface in cm-2, t the time in s and kp the 
parabolic oxidation rate constant in g2.cm-4.s-1.  
 
Numerous experimental studies of oxidation reactions have shown that the temperature 
dependence of the oxidation rate constant kp at constant ambient oxygen pressures obeys an 
Arrhenius-type equation as follows:  
⎟⎠
⎞⎜⎝
⎛ −=
RT
Qkkp exp0                      (3) 
where Q is the activation energy, R is the gas constant and T is the absolute temperature.  
  
A detailed physical interpretation of k0 and Q is difficult to give, practically it is accepted that,  
equation (3) represents a particular form of the general Boltzmann equation that relates 
temperature to the fraction of molecules having energies exceeding a certain value.  
Figure 3 shows the temperature dependence of the kp values for the oxides of Fe, Co, Ni, Cr, 
Al, and Si. It may easily be noted that the kp values for the oxides of Fe, Co, and Ni are 
considerably higher than those for the oxides of Cr, Al, and Si.  
Accordingly, the growth kinetics of Cr2O3, Al2O3 and SiO2 is slower than that of the other 
oxides, which emphasizes their ability to form protective scales against corrosion, as 
mentioned in the previous section. 
 
 
          
Figure 3:  Parabolic oxidation rate constant kp, of some technically relevant metal oxides, 
as a function of temperature (Arrhenius plot) [12] 
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Under chloridising conditions the situation is much more complex. The formation of a 
protective oxide scale may be considerably affected by the presence of chlorine, since the 
latter can either attack the formed oxide layer or the underlying metal by passing through 
cracks or pores in the oxide layer, or chlorine can prevent the formation of a protective oxide 
layer itself.  
 
2.3 Thermodynamics of high temperature 
corrosion in chlorine environments 
 
2.3.1 Fundamentals 
 
The reaction of a metal with chlorine may lead to the formation of a condensed metal 
chloride, however at high temperature this can be followed by sublimation into a volatile 
component. This phenomenon, in particular due to the high saturation vapour pressure of the 
different metal chlorides, contributes significantly to acceleration of the corrosion process of a 
metal.  It is commonly accepted that above a critical partial pressure of the metal chloride of 
10-4 bar, a significant acceleration of corrosion occurs (Daniel and Rapp [13]). Table 1 shows 
the different metal halide melting points Tm as well as the temperature T4 at which the metal 
halide vapour pressure of several elements reaches 10-4 bar. 
The reaction of a metal M with chlorine Cl2, for the formation of a volatile metal chloride can 
be written as: 
 
          )( (s)ClM )(  
2
    )( yx2 gClMgCl
ysMx yx==+                   (4) 
 
The thermodynamic stability of each phase relative to the chemical reaction (4) can be 
determined by calculation of the reaction constant K  determined by the following equation: 
 
( ) ( )XMy
yx
apCl
ClpM
K
22
=           (5) 
 
where pMxCly and pCl2 are the partial pressure of the metal chloride and chlorine respectively, 
and Ma  the metal activity being equal to 1 in the case of a pure metal. 
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Table 1: Binary metal halide melting points Tm (°C) and temperature T4 (°C) at
 which the halide vapour pressure is 10-4 bar [13] 
 
  
 
Halides Fluorides Chlorides Bromides Iodides 
 Tm T4 Tm T4 Tm T4 Tm T4 
CuX 908 --- 430 387 488 435 588 529 
AgX 435 340 455 780 432 811 558 683 
TiX2 --- --- 1025 921 --- --- 600 650 
CrX2 894 928 820 741 842 716 869 702 
MnX2 920 992 652 607 695 --- 613 --- 
FeX2 1020 906 676 536 689 509 594 476 
CoX2 1250 962 740 587 678 --- 515 --- 
NiX2 1450 939 1030 607 965 580 780 --- 
CuX2 950 760 622 --- 498 --- --- --- 
TiX3 1200 --- --- 454 --- --- --- --- 
AlX3 > 1273 825 183 76 97 53 191 144 
CrX3 1404 855 1150 611 > 800 615 > 600 --- 
FeX3 1027 673 303 167 --- 156 --- --- 
MnX3 --- 947 --- --- --- --- --- --- 
CrX4 > 100 --- --- --- --- 516 --- --- 
ZrX4 932 583 483 146 450 169 499 227 
HfX4 --- 615 434 132 424 137 449 244 
TaX4 --- --- --- 241 382 --- > 398 --- 
MoX6 17 -82 --- --- --- --- --- --- 
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This reaction constant K is related to the standard free energy 0G∆ and the free energy 
G∆ by the equation: 
KRTGG ln0 +∆=∆                                                       (6) 
 
In oxidising-chloridising environments metal can also react with oxygen and form a solid 
oxide MaOb. This oxide may react with chlorine and form a volatile metal chloride with the 
following equation: 
 
   )( 
2
)( )( 
2
)( 22 gO
bxgClMagClaysOMx yxba +=+   (7) 
 
The reaction constant K’of  reaction (7) is given by the equation: 
 
   
( ) ( )
( ) 22
22' ay
bxa
yx
pCl
pOClpM
K =       (8) 
Elements such as molybdenum or chromium can also produce oxychlorides MOxCly, 
following the equation: 
)( )(
2
)( 
2
 22 gClMOgO
xgClyM yx=++     (9) 
 
The reaction constant K’’ of reaction (9) may thus be written as follows: 
 
( )
( ) ( ) Mxy
yx
apOpCl
ClpMO
K
2222
'' =       (10) 
 
The first investigation on the corrosivity of chlorine and hydrogen chloride for metallic 
materials started relatively early in the last century [14-15], since chlorine is used in a 
multitude of chemical processes. In order to find a sufficient protection against chlorine 
corrosion several mechanisms have to be regarded.  
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According to McNallan et al. [16] three basic mechanisms for accelerated corrosion in 
oxidising chlorine containing atmospheres can be proposed:  
 
1. The formation of condensed chlorides on the metal surface 
2. Formation of volatile chlorides on the surface or at the corrosion front: these chlorides 
can be transported via the gas phase with a significant rate away from the metal 
surface 
3. Formation of corrosion products in the metal interior: selective internal attack can 
occur for the different alloying elements due to differences in the thermodynamic 
stability of the metal chlorides 
 
From all investigations concerning the corrosion mechanisms of a metal in oxidising-
chloridising environments, the following reaction steps can be summarized: 
 
- transport of chlorine from the atmosphere through a gas boundary layer to the material 
surface. 
     - diffusion of the reactants through the oxide scale 
     - reaction between chlorine and metal or chlorine and metal oxide 
     - formation of volatile metal chlorides 
     - diffusion of volatile metal chlorides through the oxide scale in outward direction 
     - formation of chlorine and solid metal oxide from the reaction of volatile metal 
chlorides with oxygen due to the oxygen partial pressure increase through the oxide 
scale in outward direction 
     - rediffusion of chlorine from this reaction to the phase boundary metal/oxide 
 
This mechanism is shown in Figure 4:   
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Figure 4:  Schematic of the potential mechanisms of attack in oxidising-chloridising 
environments [4] 
 
 
Thus, attack of chlorine at high temperatures in oxygen containing atmospheres is often 
characterised by a circular process, so called “active-oxidation” process [16] summarized in 
Figure 4. This process is based on the conversion of gaseous metal chloride into solid metal 
oxide and the formation of new gaseous metal chloride from the chlorine released by the 
reaction with the underlying metal. Consequently, porous oxide scales can be formed due to 
the precipitation of solid oxide in the existing oxide scale leading to massive growth stresses 
and further cracking in the oxide scale.  
In order to keep corrosion rates by the formation of volatile metal chlorides low, and to avoid 
such corrosion phenomena, the vapour pressure or the partial pressure, respectively, of the 
metal chlorides in the environment should not exceed a critical value.  
Different types of diagrams, which assess the corrosion resistance of metallic elements as a 
function of temperature, oxygen and chlorine partial pressures, may be developed. The 
principles of these diagrams are explained in the following.  
 
 
 
Metal 
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2.3.2 Different types of diagrams for theoretical 
corrosion risk prediction 
 
2.3.2.1 Conventional stability diagram 
 
In many cases, in order to assess the probability of formation of different phases in Cl2/O2 
environments, and in particular the formation of protective oxide scales, conventional stability 
diagrams have been used. As an example the stability diagram of iron at 800°C is given in 
Figure 5. 
 
 
Figure 5: Conventional stability diagram for iron at 800°C [4] 
 
This conventional diagram represents stability areas of different solid phases formed by the 
equilibrium between the metal, the metal oxide or the metal chloride and the Cl2/O2 
atmosphere above. But in the case of volatile corrosion products, like for chlorides, this 
conventional thermodynamic stability diagram reaches its limits. 
Indeed, the conventional stability diagrams are based only on the solid and liquid phases. 
However for volatile phases, there is no transition value from one phase to the other, but only 
a dependence of the metal chloride pressure on the chlorine partial pressure. For this reason 
the quasi-stability diagram was developed [2-5] using the critical metal chloride partial 
pressure value of 10-4 bar mentioned before as a criterion distinguishing the protective and the 
non-protective situation. 
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   2.3.2.2 Quasi-stability diagram 
 
Schwalm et al. [2,3] and then Bender et al. [4,5] have developed a new type of diagram, the 
quasi-stability diagram. It is based on the empirical assumption that partial pressures of metal 
chlorides above a critical value of 10-4 bar lead to a significant acceleration of corrosion [13]. 
Figure 6 indicates that for several elements this critical vapour pressure of metal chloride is 
already reached at a temperature lower than 300°C. 
 
Figure 6: Vapour pressure pMxCly of several metal chlorides as a function of 
temperature, and the “limit line” of  pMxCly = 10-4 bar [17] 
 
Figure 6 is also very much in agreement with experimental observations that most 
commercial materials reach their limits in highly chlorine-containing environments at around 
600°C if the material is not able to form a protective oxide scale. 
In Figure 7 an example of a quasi-stability diagram for a temperature of 800°C is given in 
comparison with a stability diagram. One can see the negative effect of volatile metal chloride 
formation on the corrosion resistance under Cl2/O2 environments. The isothermal lines of the 
quasi-stability diagram are clearly below those of the conventional stability diagram, i.e. the 
evaporation of metal chlorides can already occur at a very low chlorine partial pressure, i.e. 
much lower than the one needed for the formation of solid FeCl2. The quasi-stability diagram 
consists of different fields designated as stability of the metal, stability of the oxides, and 
fields where chlorides or oxychlorides exceed the critical partial pressure of 10-4 bar.  
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Figure 7: Comparison of a conventional stability diagram (dotted lines) with a quasi-
stability diagram (solid lines) for iron at 800°C for the critical value of the 
volatile species of 10-4 bar [4] 
 
 
Bender et al. developed such diagrams for Al, Ni, Cr, Si, Mo, Fe and Ti. These are 
summarized in Figure 8 and Figure 9. Only the most volatile chlorides and the most stable 
oxides are reported in these diagrams; the formation of oxichlorides has not been considered. 
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Figure 8: Simplified quasi-stability diagrams for oxygen-chlorine environments at 800°C 
for several metals [4]  
 
 
Figure 9: Simplified quasi-stability diagrams for oxygen-chlorine environments at 800°C 
for several metals [4]  
 
Under reducing-chloridising environments (i.e. low pO2) nickel and molybdenum seem to be 
the best alloying elements as the critical partial pressures of the metal chlorides are reached 
only at relatively high chlorine partial pressure. In this area, aluminium shows the worst 
behaviour.  
Under oxidising-chloridising environments (i.e. high pO2) the situation is however changed, 
particularly on the right side in the diagrams where the oxides become stable. Chromium 
oxide and alumina, as it is well known, offer a wide protection range at high oxygen partial 
pressure, due to the high stability of their oxides. Molybdenum reveals a significant 
disadvantage in this area as it forms easily highly volatile molybdenum chloride on the one 
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hand, and pure MoO3 on the other hand, which may reach a high vapour pressure at high 
oxygen partial pressures.  
Bender et al. presented results from experimental investigations at 650, 800 and 1000 °C [5], 
where 14 commercial alloys were tested with regard to their corrosion behaviour in oxidising-
chloridising atmospheres. They obtained a satisfactory agreement between the quasi-stability 
diagram predictions and experimental investigations in air with 0.1% Cl2 and 2% Cl2, which 
validated these diagrams for the “oxidising”-chloridising conditions. The investigated 
atmospheres are also represented by the solid bar in the right part of Figures 8 and 9. 
 
However these diagrams were developed by considering the formation of a pure and perfect 
oxide layer, which rarely occurs. A discrepancy between experimental and thermodynamic 
results can be observed when cracks and pores are formed in the oxide layer, as the layer 
defects enhance the chlorine transport from the process atmosphere through the oxide layer to 
the metal/oxide interface. There, the oxygen partial pressure is lower than in the process 
atmosphere, and consequently the metal chloride partial pressure is higher than in the 
surrounding environment, which makes the material considered less corrosion resistant than 
expected.  
Another problem is, that with the quasi-stability diagram, a closed static system is considered 
and such a system is rarely encountered in practical operation; most of the time the system is 
dynamic, i.e. one has to regard an “open” system where the gas flows at a certain velocity 
over the material surface. In this case, the values of pCl2 and pO2 at the sample surface and in 
the process gas may be different, and the gas velocity may have a great influence on the 
corrosion resistance of elements [18-20].  
  
2.3.3 Experimental observations on the stability of pure 
metals and as alloying elements 
 
In this part some of the more recent experimental results of the behaviour of several pure 
metals and their corresponding alloying effects under Cl2/O2 environments are presented. 
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Aluminium and aluminium alloys 
In dry chlorine aluminium reacts under formation of extremely volatile AlCl3 and AlCl [21]. 
The major role of aluminium as an alloying element is the formation of a protective Al2O3 
layer, which prevents internal attack of the substrate alloy. A reaction between Al2O3 and 
chlorine was only observed at temperatures of 800°C and higher [22]. The presence of oxygen 
in the gas phase decreases the alloy evaporation rates significantly through the formation of a 
thick aluminium oxide scale.  
The high thermodynamic stability of Al2O3 scales on metallic alloys led to a large number of 
investigations on alumina formers in atmospheres containing chlorine. In general the 
corrosion resistance of an alloy that forms an alumina scale under oxygen/chlorine containing 
environments was found to be higher. However, Elliot et al. [23] observed that after exposure 
of the aluminium containing Alloy 214 in synthetic air with 2 % chlorine, at 900°C and 
1000°C, a large part of the oxide scale spalled during subsequent cooling; but under 
isothermal conditions no spalling was observed. It has also been observed that materials with 
relatively high aluminium contents did not show any positive behaviour in investigations at 
800°C in chlorine containing atmospheres with an oxygen content higher that 15 % [24].  
 
Chromium and chromium alloys 
For metallic pure chromium in gaseous HCl growth of a CrCl2 layer was observed at 
temperatures up to 600°C [25]. In oxygen free atmospheres at temperatures between 650 and 
800°C, e.g with 2.6 % chlorine, evaporation of CrCl3 and CrCl4 was observed [19]. At low 
chlorine pressure a layer of CrCl2 and CrCl3 was formed on the metal. At 400°C and 500°C 
and with He-5 % O2-500 vpm HCl protective Cr2O3 scales were formed on the metal surface 
after only a few hours [26]. Increase of the temperature led to an increased chromium oxide 
thickness.  
Reinhold and Hauffe [20] observed for oxygen contents higher than 2.6 % the formation of a 
volatile chromium oxychloride CrO2Cl2 resulting from the reaction between Cr2O3 and 
chlorine. This chromium oxychloride accelerated the corrosion rate significantly.  
The role of chromium as an alloying element in chloridising atmosphere was also investigated 
by numerous authors. The corrosion behaviour of several Fe-Cr alloys with a chromium 
content ranging between 2 to 25 % chromium was investigated in reducing-chloridising 
atmosphere (pO2=10-17 bar, pCl2=10-8 bar) at 1000°C [27]. It was found that with increasing 
chromium contents in the alloy the corrosive attack was reduced. The same observations were 
made by Kim and McNallan [28] after exposure in Ar-50 % O2-1 % Cl2 and Ar-50 % O2-0.25 
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% Cl2 in a temperature range between 627 °C to 927°C. Zheng and Rapp [29] also compared 
Ni-Cr (0 to 20 % chromium) and Fe-Cr (0 to 25 % chromium) in atmospheres with low HCl 
and H2O contents (i.e. Cr2O3 is thermodynamically stable) and at 800°C. The Ni-Cr alloys 
showed a clearly lower corrosion rate, which was explained by the low vapour pressure of the 
nickel chloride and the formation of a protective Cr2O3 scale.  
 
Iron and iron alloys 
Iron may form two chlorides, FeCl2 and FeCl3 [13]. FeCl2 is thermodynamically quite stable; 
however, under a chlorine partial pressure of 1.0 atm, FeCl3 decomposes at 405°C [13]. Ihara 
et al. [30] observed that under HCl atmospheres, adding oxygen up to 75 % increased 
corrosion rates by evaporation of FeCl3. A surprising effect was also observed by Lee and 
McNallan [31]. They investigated the oxidation of iron in Ar-O2 atmospheres and observed 
that the addition of chlorine led to an increase of the amount of thermodynamically stable 
Fe2O3 in the outer part of the oxide scale. The formation of a dense and protective Fe2O3 layer 
was stimulated by the gas phase transport of volatile iron chloride.  
For Fe-base alloys such as 10CrMo9 10, 800H, AC66, 45TM and 690 the iron content was 
regarded as having a negative influence on the extent of corrosion [2]. Even a chromium 
content of 28 % together with 3 % silicon in alloy 45TM could not lead to the formation of a 
really protective oxide scale in synthetic air with 2 % Cl2 when increasing the temperature up 
to 650°C [2]. AC 66 showed also an extreme increase in corrosion.  
 
Molybdenum and molybdenum alloys 
After 1h exposure at 900°C in an atmosphere of 5.5 % O2, 0.1 % HCl and 0.9 % SO2 in argon, 
molybdenum showed a very low resistance [32], the metal had either completely been 
converted into volatile trioxide or into highly volatile corrosion products.  
These volatile products may correspond to various MoClx molybdenum chlorides, but also to 
volatile (MoO3)3 molybdenum trioxide. MoO3 oxide has a melting point of 797°C, however, 
already at a temperature of 700°C and above, this oxide becomes volatile at a pressure of pO2 
≥ 0.1 bar with a vapour pressure of log p(MoO3)3 = -3.5 [33]. The behaviour of MoO3 oxide in 
chlorine containing atmospheres was also investigated and MoO2Cl2 oxychloride was 
observed at temperatures from 300°C on [34-36].  
These experimental results were confirmed by thermodynamic calculations of Guethert et al. 
[37].      
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Several investigations deal with molybdenum as alloying element. A direct comparison 
between reducing- and oxidising-chloridising atmospheres at 900°C revealed that 
molybdenum containing materials in reducing atmospheres seem to be almost inert against 
chlorine induced corrosion while a clearly more marked attack was found under “oxidising” 
conditions [38]. Evaporation of MoO3 from a Ni4Mo alloy in an HCl-H2O atmosphere was 
responsible for the observed mass loss [39]. At a temperature of 900°C in Ar-20% O2-2 % Cl2 
it was found that materials with high molybdenum content such as Hastelloy X, S and C276, 
suffered from the evaporation of molybdenum oxychlorides MoO2Cl2 [40]. 
 
Nickel and nickel alloys 
Dry chlorine reacts with nickel to form a NiCl2 film. Nickel dichloride has a high melting 
point, about 1000-1030°C [41-43], and a high vapour pressure, about 2.25 x 10-3 bar, at 
700°C. A high corrosion resistance of pure nickel was found below 300°C in chlorine 
containing atmospheres as a dense, adherent, protective NiCl2 scale had formed [44]. But 
above 500°C in an HCl-O2 gas mixture the sublimation of NiCl2 increased significantly and 
the use of nickel was no more recommended [45].  
Investigations on nickel as a base element in alloys mostly focused on a comparison between 
the behaviour of nickel base and iron base alloys. Several authors observed that with 
increasing the content of nickel and decreasing the content of iron the resistance of the alloys 
in chlorine containing atmospheres increases [24,29,46,47]. The test temperatures of these 
investigations were in the range of 400 to 1000°C for isothermal exposure and the maximum 
chlorine content was 2 % in “oxidising” mixtures.  
Indeed, on nickel base alloys protective oxide scales were able to form if sufficiently high 
amounts of aluminium or chromium were present. For iron base alloys this protective effect 
was not found due to the formation of volatile iron chlorides, which impeded the formation of 
a dense oxide scale.  
 
Silicon and silicon alloys  
The high thermodynamic stability and the slow growing of SiO2 would also in chlorine 
containing atmospheres be very important. There is however a very limited amount of 
information about the role of pure silicon or as an alloying element for chlorine containing 
environments. A general improvement of corrosion resistance by alloying silicon to 
chromium-nickel steels was reported by Fujikawa et al. [48] for temperatures of 650°C and 
750°C, and by dipping the specimens into saturated NaCl solution and subsequent exposure in 
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air. Similar observations were made by Norton et al. [49]. and Zahs et al. [50] for iron based 
alloys, they observed that the formation of a chromium oxide layer on Fe-15Cr at 600°C in a 
N2-5%O2 gas mixture with 1500 vpm HCl was stimulated by small amounts of silicon.  
The formation of volatile SiCl4 has a significant influence to the formation of a dense and 
protective SiO2 layer [22]. Only single SiO2 islands were formed underneath an oxide scale 
consisting of chromium and iron rich oxides.  
 
2.4 Kinetics of high temperature corrosion in 
chlorine environments   
 
2.4.1 Fundamentals 
 
The kinetics of chlorine induced corrosion have been widely described by several authors 
with the Tedmon equation [51] involving the simultaneous formation and sublimation of a 
metal chloride scale and summarised by the following equation :  
 
    l
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dx −=          (11) 
where x is the metal chloride scale thickness , t the time, kp the parabolic rate constant of the 
metal chloride scale growth and kl the rate constant of linear evaporation of the metal 
chloride.  
Using the initial condition that x=0 at t=0 (no scale initially) integration of the Tedmon 
equation gives:  
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Equation (12) yields the evolution of the metal chloride scale thickness with time, as a 
function of kp and kl, and can be solved using Lagrange’s theorem as a series expansion. It 
leads to the following expression of the thickness x(t): 
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Rearranging and with some simplifications equation (13) may also be written as :  
 
    ( ) 2122  2)( tktktktx pll ++−=     (14) 
 
This scale thickness evolution can be converted into a mass consumption of the metal, 
considering that: 
 
   Total metal loss = Metal in layer + Metal evaporated  (15) 
 
In the case of oxidising-chloridising environments the formation of an oxide scale should be 
taken into account in the parabolic rate constant kp, and this constant may be written as :  
 
'''
ppp kkk +=      (16) 
 
where  kp’ is the parabolic rate constant of the oxide scale growth and kp’’ is the parabolic rate 
constant of the metal chloride scale growth.  
The rate constant 'pk used in this equation for the oxide scale growth can in fact not only be 
based on solid state diffusion, but must also take the transport of reactants (typically 
chlorides) by gas phase diffusion through pores in the oxide scale into account. It is assumed 
that the volatile chloride compounds are transported by diffusion through pores by the vapour 
phase and lead to the so-called “active oxidation” process [16] inducing an accelerated 
corrosion rate (see Figure 4). The equation describing the metal consumption by vapour phase 
transport of a metal M via volatile metal chloride is: 
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where xmet is the metal layer thickness and xox is the oxide scale thickness 
As the corrosion process in Cl2/O2 environments occurs under a gas flow (dynamic 
conditions), the rate of mass loss of a material depends on the kinetics of formation of the 
metal chlorides,  but also on the evaporation of these metal chlorides through a gas boundary 
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layer δ formed by the gas flow above the metal. The expression of δ is given by the following 
equation:  
 
     3
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−ν=δ      (18) 
 
where L is the length of the material surface in cm, ν the kinematic viscosity of the gas 
mixture in cm².s-1, v the average velocity of the gas mixture in cm.s-1 and D the diffusion 
coefficient in cm².s-1. 
 
Fruehan et al. [19] distinguished three main competing mechanisms as steps for the corrosion 
of Ni and described the rate dependence for each of them. Their considerations were 
performed only for Ni, but they can be extrapolated to any other element. The slowest of these 
three steps is the rate-controlling step: 
 
 a.  Transfer of Cl2 through the gas boundary layer  
 b.  Reaction of formation of the metal chloride (solid or gas)  
 c.  Transfer of gaseous metal chlorides through the gas boundary layer  
 
In oxygen containing environments additional steps have to be added: 
 
 a’. Transfer of Cl2 through the porous oxide layer 
 c’. Transfer of gaseous metal chlorides through the porous oxide layer 
 
Step b may occur at the metal surface underneath the porous oxide scale or on the oxide 
surface of a dense oxide scale. 
 
Figure 10 summarises the different cases of metal mass change ∆m, according to the previous 
equations, that could be met in chlorine/oxygen environments and for different temperatures.  
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Figure 10: Mass change ∆m versus time t in chlorine/oxygen environments as a function of temperature T and oxygen partial pressure pO2. 
“Reducing” means that pO2 is too low to form oxides on the metal surface. “Oxidising” characterises the situation where pO2 is 
sufficiently high for oxide formation (pO2ox). “Highly-oxidising” represents conditions where a dense oxide scale can be formed 
despite of the presence of chlorine (pO2sh). 
A 
B 
C 
D 
E F 
pO2ox pO2sh 
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The situations A to F correspond to the following cases:  
 
A: Reducing condition, low temperature. Solid metal chloride forms as a surface scale, no 
significant evaporation of volatile metal chlorides, diffusion controlled growth of the metal 
chloride layer (parabolic mass increase and parabolic consumption of metal surface).  
 
B: Oxidising condition, low temperature. Solid oxide forms as a surface scale, no significant 
evaporation of volatile metal chlorides, diffusion controlled growth of the metal oxide layer 
(parabolic mass increase and parabolic consumption of metal surface).  
 
C: Reducing condition, elevated temperature. Solid metal chloride forms as a surface scale, 
evaporation of the solid metal chloride scale into volatile metal chlorides, diffusion controlled 
growth of the solid metal chloride layer (parabolic mass increase and parabolic consumption 
of metal surface) associated with evaporation of the volatile metal chlorides from the solid 
metal chloride layer (superimposed linear mass decrease).  
 
D: Reducing condition, high temperature. No formation of a solid metal chloride scale, direct 
evaporation of the metal via the formation of volatile metal chlorides, transport of the volatile 
metal chlorides rate controlling (linear mass decrease and linear consumption of metal 
surface).  
 
E: Oxidising condition, high temperature. Solid metal oxide scale forms as a surface scale, 
diffusion controlled growth of the metal oxide layer (parabolic mass increase and parabolic 
consumption of metal surface) associated with evaporation of the volatile metal chlorides 
from the metal oxide (linear mass decrease and linear consumption of metal surface). 
 
F: Highly oxidising condition, high temperature. Solid metal oxide scale forms as a surface 
scale, no significant evaporation of the metal oxide scale via the formation of metal chlorides,  
diffusion controlled growth of the metal oxide layer (parabolic mass increase and parabolic 
consumption of metal surface)  
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2.4.2 Experimental investigations on the kinetics 
behaviour of pure metals and their alloying effects 
 
In this part some of the more recent kinetics investigations under Cl2/O2 environments are 
presented. 
 
Aluminium and aluminium alloys 
Because of its high vapour pressure (see Table 1), AlCl3 volatilizes at only 150°C and 
aluminium can be consumed by chlorine attack at rates of 1 µm/min. Results of aluminium 
chlorination rates in 1 atm chlorine give values between 0.0015 and 8.9 µm/min for a 
temperature between 120°C and 280°C [21,52], the apparent inconsistencies result because of 
an aluminium oxide film which overlays the metallic aluminium and shields it against 
chlorine attack. According to Rabald [53], reactions between aluminium and moist chlorine 
are more rapid than with dry chlorine.  
 
Chromium and chromium alloys 
The main study on the kinetic behaviour of pure chromium in oxygen/chlorine was made by 
Reinhold and Hauffe [20]. They characterised the kinetics of chromium between 650°C and 
800°C under 20 Torr chlorine by a constant weight loss rate over time caused by the 
volatilization of CrCl3 and CrCl4. The rate determining step was the diffusion of volatile 
reaction products through the diffusion boundary layer. In the oxygen-chlorine mixture the 
rate constant of chromium was significantly smaller compared to the corrosion rate in the 
absence of oxygen, due the formation of a Cr2O3 layer. This corrosion rate increased linearly 
with the chlorine partial pressure and with the fourth root of the oxygen partial pressure.  
Dooley et al. [54] observed for example, that for Cr50Ni50-alloys and between 750°C and 
800°C, in melts containing chlorides  a noticeable corrosion rate may be observed. 
 
Iron and iron alloys 
Below 250-350°C, oxygen and moisture have little effect on the iron-chlorination rate, but 
above this temperature range, oxygen and especially moisture present in chlorine decrease the 
iron chlorination rate to as little as one thousandth of the rate in pure chlorine [21,55]. From 
[19,21,56,57] the rate constants for iron under 1 atm chlorine and between 77°C and 599°C 
was found to be between 3.10-4 µm/min and 624 µm/min depending also on the flowing rate. 
Fruehan [19] observed that the rate constants were directly proportional to the chlorine partial 
pressure in a temperature range of 300-500°C.   
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Iron-base alloys with high silicon contents (10-15 wt. %) are significantly more resistant to 
chlorine attack than pure iron or mild steel [13]. Tseilin and Strunkin indicate that stainless 
steel is also much more resistant to dry chlorine attack than pure iron or mild steel [21]. 
Above 300°C moisture in chlorine may decrease significantly the corrosion rate of stainless 
steel because of the formation of oxide, which decreases the rate of volatile chloride 
evaporation [58].   
 
Molybdenum and molybdenum alloys 
Landsberg et al. [59] studied the behaviour of pure molybdenum under different chlorine 
contents, 5-35 %. They observed that the rate constant of evaporation increased linearly with 
the chlorine partial pressure for a temperature of 402°C.  
They also observed that  Mo-W alloys are attacked severely by chlorine under Ar-20% Cl2 at 
460°C, the corrosion rate of these alloys was however lower than that of pure molybdenum 
under the same conditions.  
Nickel and nickel alloys 
At low temperatures a dense, adherent, protective NiCl2 scale forms. Below 400°C, parabolic 
chlorination kinetics are obeyed, however because of its high vapour pressure, the NiCl2 scale 
begins to evaporate at 400-450°C [13]. At even higher temperatures or for very low chlorine 
pressures, the NiCl2 scale no longer forms, and the rate of reaction on the active surface is 
limited by the rate of transport in the gas phase of Cl2 or nickel chlorides.  
It was observed by Hauffe et al. in [60] and also in [61] that for a temperature of 750°C the 
relation between the rate constant of evaporation of pure nickel and the chlorine partial 
pressure, is linear but becomes a constant for high chlorine partial pressure. Under high 
chlorine partial pressure the rate constant of evaporation was limited by evaporation of solid 
NiCl2. The presence of water vapour in chlorine increases the rate of reaction with nickel 
[55,58]. Thirty percent of water vapour in the chlorine, for example, can increase the rate of 
reaction by a factor of 2-20. 
According to Brown et al. [52] the nickel chromium alloys of the Inconel type react with dry 
chlorine 1-2 times faster than pure nickel reacts with dry chlorine. However Hauffe et al. [62] 
state that chromium addition up to 16 wt% has little or no effect on the rate of the nickel-
chlorine reaction. Brown et al. indicate also that at 500°C-700°C the nickel-molybdenum 
alloys Hastelloy A, B and C, react with dry chlorine at about the same rate as pure nickel.  
 
 
2. State of the art 
 
28 
2.5 Atmospheric Plasma Spraying (APS)-
coatings for corrosion protection 
 
2.5.1 Thermal spray techniques 
 
Coatings are frequently applied to the surface of materials to serve for one or more of the 
following purposes: 
 
- To protect the surface from the environment that may lead to corrosion or other 
deteriorative reactions 
- To improve the surface appearance 
 
Thermally spraying was invented by Max Schoop early in the nineteenth century. Schoop 
designed a gun which used oxygen and acetylene as the heat source and compressed air to 
project the molten material [63]. Thermal spraying is a process where a coating material is fed 
to a heating zone to become molten, and is propelled from there to a base material (substrate). 
The thermal energy used to melt the coating material may be divided into two categories: 
electrical heating and flame heating.  
For a technical point of view the following techniques are nowadays in use: 
 - APS (Atmospheric Plasma Spraying) 
 - VPS (Vacuum Plasma Spraying) 
 - LPPS (Low Pressure Plasma Spraying) 
 - HVOF (High Velocity Oxygen Fuel) 
 
In the present work the coatings were produced by one of the electrical heating methods: 
Atmospheric Plasma Spraying (APS).  
 
2.5.2 Atmospheric Plasma Spraying (APS) 
 
Plasma is an electrically conductive gas containing charged particles. When atoms of a gas 
are excited to high energy levels, the atoms loose hold of some of their electrons and become 
ionised producing plasma containing electrically charged particles, ions and electrons. The 
plasma generated for plasma spraying may include argon, helium, nitrogen or hydrogen, or a 
mixture of these gases.  
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The thermal energy of an electric arc together with a plasma forming gas is used in the 
melting and projecting of the deposit material at high velocities (about 600 m.s-1) onto a 
substrate [64]. The main use of this system is to generate high temperatures for the deposition 
of materials with high melting temperatures [64].   
The plasma spray gun (see Figure 11) comprises a copper anode and tungsten cathode, both of 
which are water cooled. Plasma gas (argon, nitrogen, hydrogen, helium) flows around the 
cathode and through the anode. 
 
 
 
Figure 11: Schematic of the plasma spraying gun [65] 
 
The plasma is initiated by a high voltage discharge which causes localised ionisation and a 
conductive path between cathode and anode. Resistance heating from the arc causes the gas to 
reach extreme temperatures, dissociate and ionise to form plasma. The plasma exits the anode 
nozzle as a free or neutral plasma flame (plasma which does not carry electric current). When 
the plasma is stabilised ready for spraying the electric arc extends down the nozzle. Cold gas 
around the surface of the water cooled anode nozzle being electrically non-conductive 
constricts the plasma arc, raising its temperature and velocity. Powder is fed into the plasma 
flame most commonly via an external powder port mounted near the anode nozzle exit. The 
powder is heated so rapidly and accelerated that the spray distances can be in the order of 25 
to 150 mm.  
The plasma spray process is most commonly used under normal atmospheric conditions 
referred to as APS. Nevertheless, some plasma spraying is conducted in protective 
environments using vacuum chambers normally back filled with a protective gas at low 
pressure, referred to as VPS (Vacuum Plasma Spraying) or LPPS (Low Pressure Plasma 
Spraying). 
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2.6 Thermal expansion of solids 
 
For the present work measurements and prediction models of coefficients of thermal 
expansion (CTE) of NiAlMo alloys were used. For this reason, some rudiments from the 
theory of thermal expansion of solids are presented in the following.  
 
When a material is heated from a temperature T1 to a temperature T2, there is a corresponding 
change in volume from V1 to V2. To describe this phenomenon, the mean of volumetric 
thermal expansion βm is defined by the following equation: 
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The limiting value of this ratio at constant pressure as the temperature changes by a 
differential amount dT is defined as the true coefficient of volumetric thermal expansion β 
given by the equation: 
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where L represents the length 
 
The thermal expansion of a material is often expressed by the coefficient of linear thermal 
expansion α defined as: 
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In general the coefficient of thermal expansion is not measured directly, but it is calculated 
from consecutive incremental measurement of expansion or by differentiating an equation 
that represents the expansion.  
The instantaneous or technical coefficient of linear thermal expansion on heating from T0 to 
T1 is given by the following equation:  
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where L0  is the length at T0 (generally associated with room temperature).  
3. Materials and experimental methods 
 
31 
3. Materials and experimental methods 
 
3.1 Materials and specimen preparation 
 
3.1.1 Bulk materials 
 
In order to identify alloy compositions for optimum corrosion resistance to be used for the 
coatings, several bulk materials were produced and tested. Their compositions had been 
selected based on the results from the “dynamic” quasi-stability diagrams developed in the 
discussion chapter.  
The bulk materials investigated in the exposure tests were: one commercial binary NiAl alloy 
and three ternary NiAlMo alloys cast in an Yttria-stabilized ZrO2 crucible under inert 
atmosphere by ATZ Entwicklungzentrum (Sulzbach-Rosenberg).  
The composition of the NiAl bulk alloy was selected from the NiAl phase diagram (Figure 12 
[66]) and is given in Table 2. This stoichiometric composition is in the wide β-NiAl single 
phase range which increases with increasing temperature. The bulk samples had a disc form 
with 15 mm diameter and 2 mm thickness, which corresponds to a 2.4 cm2 exposure surface, 
and were machined by electro-erosion from a NiAl rod.  
 
The composition of the NiAlMo alloys is given in Table 2 and was selected from the 
isothermal section of the NiAlMo ternary phase diagram at 700°C (Figure 13 [67]) based on 
the stability considerations for optimum compositions leading to corrosion resistance under 
both reducing and oxidising chlorine containing environments (see discussion section).  
Therefore, a Ni-base was chosen with Mo showing high resistance under “reducing” 
conditions and Al offering the highest potential for the formation of a protective oxide scale 
even under very low oxygen partial pressures. Furthermore, Al2O3 is known to be highly 
stable against chlorine attack.  
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Figure 12: Ni-Al phase diagram from [66] 
 
 
 
Figure 13: Isothermal section of the NiAlMo ternary phase diagram at 700°C [67] 
L4
L3
L2
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The NiAlMo alloys were selected with aluminium contents from 33.2 at % to 52 at %. 
Extremely high molybdenum contents were avoided due to the ability of this element to form 
highly volatile MoClx and MoO3 under chlorine environments, as it was observed in previous 
investigations [33]. 
 If the thermodynamic equilibrium is reached at 700°C, the isothermal section predicts a two 
phase zone for alloy L2 which consists of a β-NiAl and an α-Mo phase (Mo with a low Al 
solubility). Alloy L3 is also located in a two phase zone in equilibrium with a molybdenum 
rich Mo3Al phase and the β-NiAl phase. Alloy L4 is in equilibrium with the same phases as 
alloy L3 but also with an additional τ1-Mo(NixAl1-x)3 phase.  
The specimen shapes of these three NiAlMo alloys were coupons of 10× 10 × 2 mm in size, 
which corresponds to a 2 cm2 exposure surface.  
 
In the present work, pure elements such as nickel, molybdenum, zirconium, hafnium and 
aluminium, as well as alloy B2 (19.3 at% Mo and 76 at% Ni measured by EDX), were also 
investigated by thermogravimetric measurements. Purity of these materials was 99.2 at% for 
nickel (Alloy 201) and 99.99 at% for molybdenum, zirconium, hafnium and aluminium.  
The specimen shapes for these investigations were coupons 15 x 10 x 4.5 mm in size with a 3 
cm2 exposure surface. 
 
Table 2: Composition of bulk materials 
Alloy Composition (at %) 
 Ni Al Mo 
NiAl 50 50 --- 
L2 39.2 33.2 27.6 
L3 32.3 42.9 24.8 
L4 20 52 28 
 
 
The main surfaces of the samples were ground before testing (exposure and 
thermogravimetric measurements) to remove the outer surface zone influenced by the cutting 
procedure, and mechanically polished down to 1200 grit with SiC abrasive paper. 
Subsequently, they were ultrasonically cleaned in acetone and ethanol to degrease the surface. 
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Before and after the exposure tests as well as after the thermogravimetric measurements, the 
masses of the specimens were determined by a weighing process which was repeated 3 times. 
For the final evaluation of the results the average value of these 3 measurements was taken.  
The surface area of the specimens was determined before the tests by a micrometer. After the 
corrosion tests, the loss of cross section was measured in an optical microscope (after 
metallographic preparation). 
 
3.1.2 APS-coatings  
 
Concluding from the corrosion resistance of the bulk alloys (see later) the APS-coatings were 
designed and applied to two different substrates which were Armco Iron and a ferritic 18 Cr 
steel (German designation X10CrAl18).   
Due to the relatively high melting point of the NiAl and NiAlMo alloys (both above 1638°C) 
the atmospheric plasma spraying process (APS) has been used to apply the coatings on the 
corrosion test specimens. The principles of this process is widely described in DIN EN 657 
[68].  
Table 3 presents the plasma parameters.  
By using these plasma parameters, all particles in the plasma stream are (at least partially) 
molten which results in a good bonding to the substrate (adhesion) and inside the coating 
(cohesion).  
The spraying system used was a conventional plasma spraying gun (SulzerMetco F4) and a 
control unit (Thermico) for power and gas flow adjustment.  
The molybdenum amount in the NiAlMo APS-coating was lower than for the alloys (see 
Table 4). The main reason is that molybdenum has an extremely high melting point (above 
2600°C) and a high amount of this element in an APS-coating needs a very high temperature 
of spraying, which leads to an acceleration of the aluminium sublimation during the spraying 
process. Therefore, the amount of Mo in the powder was kept lower than in the bulk alloy. 
 
Table 3: Plasma spraying parameters 
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Figure 14 shows the APS process unit for the simultaneous coating of the two front areas of a 
cylinder sample which is fixed in a special, rotating sample holder. The side area of each 
cylinder had to be coated separately. Prior to the coating process, the cylinder surfaces have 
been cleaned by injector blasting with alumina F36 (i.e. size fraction 420 to 595 µm). 
 
 
Figure 14: Cylinders (substrate sample) in a special sample holder for simultaneous 
coating of the front areas by atmospheric plasma spraying (APS) 
 
 
The starting material for the thermally sprayed coatings was NiAl and NiAlMo powder of the 
desired stoichiometric composition (see Table 4). It had been produced via inert gas 
atomisation [69] and subsequent classification into the particle size fraction of 15 to 50 µm 
for the APS process. 
The samples coated by APS for the corrosion tests were small cylinders of Armco Iron and  a 
18 Cr steel (Table 4) with approximately 15 mm in diameter, 15 mm in length and with 
rounded edges (r ~ 2 mm). The coated specimens were tested as received. 
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Table 4: Compositions of the powders and the substrates 
 Composition at % 
Element Ni Al Mo Fe C Cr Mn Si 
NiAl APS 
powder 
50 50 --- --- --- --- --- --- 
NiAlMo 
APS 
powder 
36 54.5 9.5 --- --- --- --- --- 
Armco 
Iron 
0.022 0.004 0.003 Bal. 0.007 0.024 0.07 0.016 
18 Cr  steel --- 0.7-1.2 --- Bal. 0.12 17-19 < 1.0 0.7-1.4 
 
 
3.2 Test program and experimental methods 
 
3.2.1 Measurement of the coefficients of thermal 
expansion (CTE) 
 
The linear coefficients of thermal expansion of NiAl and of the NiAlMo bulk materials as 
well as those of Armco Iron and of the 18 Cr ferritic steel were measured using a L75/1550 
dilatometer from Linseis. The measurements were carried out between 25 and 800 °C (see 
temperature in Figure 15) under an Ar-5 v/o H2 atmosphere to minimise the formation of 
oxides with different heating rates from 2°C.min-1 to 5 °C.min-1.  
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Figure 15: Thermal cycle for the CTE measurements (example: 5°C.min-1) 
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Figure 16: Oxygen partial pressure reached under Ar-5 v/o H2 (dotted line) and 
dissociation oxygen partial pressure of Ni, Al and Mo oxides as a function of 
temperature 
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Figure 16 depicts the oxygen partial pressures reached under such atmosphere as a function of 
temperature calculated with the software HSC [70]. Under these conditions the oxygen partial 
pressure remains higher than the oxygen partial pressure of the thermodynamic equilibrium of 
Al/Al2O3 (assuming that metal activities are unity), but lower than the oxygen partial 
pressures of the Mo/MoO2 and Ni/NiO thermodynamic equilibria in the temperature range of 
the present investigations. However in this temperature range and oxygen partial pressure, the 
aluminium oxide growth is so slow that its effect on the CTE may be neglected. 
A blank measurement was carried out as reference by using the same thermal cycle and all the 
measurements were repeated three times. 
 
3.2.2 Thermogravimetric measurements 
 
The mass change of the pure elements such as nickel, aluminium, zirconium, hafnium and 
molybdenum was investigated in chlorine environments by a thermogravimetric method. In 
order to highlight the alloying effect on the corrosion resistance of Ni, Al, Mo under chlorine 
atmospheres, binary alloys such alloy B2 and NiAl were also investigated.  
Even if many kinetic data from thermogravimetric investigations of pure elements are 
available in the literature (see 2.4.2), the experimental conditions, such as the chlorine partial 
pressure, the temperature or the gas flow, are unfortunately often completely different from 
one measurement to another. A pertinent comparison of these data becomes thus complicated. 
Therefore, the aim of the present investigations was to study the kinetic behaviour of several 
pure elements and the binary alloys mentioned before under equal conditions, to enable a 
relevant comparison of their corrosion resistance. Hafnium was additionally investigated as 
heavy element for the present work, to allow a comparison of its kinetic behaviour with two 
other heavy elements of the present work: Zr and Mo. 
All bulk samples were tested under chlorine in “reducing” atmospheres. The composition of 
the gas mixture was 2 v/o Cl2 + 3 ppm O2 + Ar and the gas flow was fixed to 100 ml/min by a 
mass flow controller from Analyt. This atmosphere was delivered as gas mixtures from Air 
Liquide.  
Experiments were carried out between 500 °C and 900°C with a B 92 thermobalance model 
from the company Setaram. The heating system was a TZT furnace from Carbolite with three 
heating zones. 
The test chamber of the furnace consists of a quartz tube of 65 mm in diameter with three 
openings, one for the corrosive gas inlet (chlorine), another for the protection gas of the 
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thermobalance head (argon), and one for the gases outlet. The protection of the thermobalance 
head was reinforced by a tube made of Teflon.  
Figure 17 represents the experimental arrangement.  
 
Furnace
Protection gas: Ar
Balance head: measurements
Quart tube
Sample
Sample holder (SiO2)
Gas inlet
Computer: data
analysis
Gas cylinders
Mass flow controller
Gas outlet
 
Figure 17: Experimental arrangement for the thermogravimetric investigations 
 
 
3.2.3 Exposure tests 
 
3.2.3.1 Bulk materials 
 
NiAl and NiAlMo specimens were to be tested at the same time under chlorine atmospheres. 
To avoid any cross contamination of a sample by volatile corrosion products from other 
samples in the same test, the same furnace design as developed in [17] was used, so that each 
specimen was put separately in a quartz tube of 15 mm inner diameter.  
This kind of test arrangement had a further advantage in that the condensation of volatile 
corrosion products can be recorded separately for each specimen in the colder part of the 
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quartz tube in the furnace. The condensed corrosion products can be removed at the end of the 
test. 
The test chamber consists of several parts: an outer quartz tube of 110 mm inner diameter, 9 
small quartz tubes of 15 mm inner diameter, a quartz gas separator with a spider shape, heat-
stoppers made of aluminium-silicate, flanges made of aluminium and stainless steel. The 
furnace itself is a 3 heating zones Carbolite furnace type TZT. A schematic of this apparatus 
is shown in Figure 18. 
 
Figure 18: Experimental apparatus used for exposure tests 
 
With two gas mixtures 2 v/o Cl2 + 3 ppm O2 + Ar and 5 v/o O2 + Ar, and with pure argon, 
different gas compositions could be established for the experiments. 
The corrosion behaviour of samples under chlorine atmosphere was tested in “reducing” and 
in “oxidising” atmospheres for 600°C and 800 °C, with different exposure times (30 and 100 
hours) and with a gas flow of 100 ml/min.  
 
The following test matrix was chosen: 
 
a. 2 v/o Cl2 + 3 ppm O2, 800 °C, 30 h: for  L2, L3, L4 
b. 0.2 v/o Cl2 + 1 v/o O2, 800 °C, 30 h: for L2, L3, L4 
c. 0.2 v/o Cl2 + 3 ppm O2, 600 °C, 100 h: for L2, L3, L4, NiAl  
 
Tests a. and b. will enable a comparison of the corrosion resistance of NiAlMo alloys between 
“reducing” and “oxidising” conditions. Test c. may highlight the influence of molybdenum in 
the binary NiAl system in terms of the corrosion behaviour for longer term exposure.  
This test matrix may also enable a comparison with exposure test results obtained in previous 
studies for several commercial alloys [5-17] under the same conditions.  
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3.2.3.2 APS-coatings 
 
The NiAl and the NiAlMo APS-coating were also investigated under chlorine atmospheres. 
The experimental method was the same as the experimental method used for the test 
exposures of the bulk materials (same furnace, same gas mixtures). However, as the APS-
coatings had an inadequate dimension for using the gas separator, each test corresponded to 
only one coating investigated.  
The APS-coatings were also tested in “reducing” and “oxidising” atmospheres at 800 °C, with 
different exposure times (from 30 up to 300 hours). 
 
The following test matrix was chosen: 
 
(1) 1 v/o Cl2 + 3 ppm O2, 800 °C, 100 h 
(2) 1 v/o Cl2 + 1 v/o O2, 800 °C, 100 h 
(3) 1 v/o Cl2 + 3 ppm O2, 800 °C, 300h 
 
Tests (1) and (2) were chosen to compare the corrosion resistance of the coatings under 
“reducing” and “oxidising” conditions. Test (3) will yield information for a longer term 
exposure.  
The influence of molybdenum in the NiAl based coating system in terms of corrosion 
resistance will also be underlined.    
 
3.3 Sample analysis after the exposure tests 
 
3.3.1 Metallographic investigation 
 
Metallography is one of the most important post-experimental methods because it gives the 
best information on the microstructure of the scale and the subsurface zone. It involves the 
preparation of cross sections perpendicular to the surface. One major problem of the 
preparation of cross-sections of metallic specimens covered by a scale is the tendency of the 
brittle scale to spall. 
For this reason, before metallographic investigation, the samples were wrapped into a nickel 
foil and embedded in an epoxy resin.  
Due to the presence of chloride species coming from the corrosion process, a water-free 
preparation method was used [71]. The cross-sections of the specimens were polished with 
4000 grit SiC abrasive paper using petroleum, followed by a polishing step with silica 
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suspension of 0.1 µm particles. The coating cross sections were examined before and after the 
corrosion tests using a low magnification binocular microscope, Wild type M3Z, for a 
macroscopic view of the samples. Measurements of the cross sections and analysis of the 
specimens with magnifications up to 1000x were carried out with a microscope, Leica type 
DMRME. 
 
3.3.2 Scanning Electron Microscopy (SEM) and 
Electron Probe Microanalysis (EPMA) 
 
SEM images of the surface and of the cross sections of the coatings were obtained by either a 
DSM 950, Zeiss or an XL40 electronic microscope from Philipps coupled with an EDX probe 
from EDAX. Elemental mappings with a spatial resolution close to 1 µm were obtained with 
an SX50 electron beam microprobe (EPMA) from Cameca. The analysis results could be 
represented either as elemental distribution maps or by concentration profiles of the elements 
along a chosen line (Linescan). 
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4. Results  
 
4.1 Microstructural characterisation of the 
materials and coatings before exposure 
 
4.1.1 Bulk materials 
 
4.1.1.1 NiAl bulk material 
 
The outer surface of the NiAl bulk alloy was investigated by means of SEM (Figure 19). 
From the BSE imaging, a single phase was identified being β-NiAl. EDX measurements 
revealed that this single phase is composed of 50 at % of Al and 49.8 at % of Ni. The rest may 
be impurities.  
 
 
Figure 19: SEM image of the NiAl alloy surface   
 
4.1.1.2 Alloy L2 
 
Figure 20 shows the microstructure of the as-cast L2 bulk alloy. From SEM+EDX 
measurements one minor and two major phases were detected. The matrix consists of β-NiAl. 
By EDX analysis the composition of this phase was found to be 53 at % Ni, 46.7 at % Al and 
0.2 at % Mo. This agrees with the low solubility of Mo in the β-NiAl phase given by the 
phase diagram [67].   
β-NiAl
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The second major phase is formed by a Mo rich phase (α-Mo type phase) in the shape of 
dendrites. The composition measured was close to 90.2 at % Mo, 7.4 at % Al and 2.4 at % Ni. 
The aluminium solubility in α-Mo is theoretically very low and increases with increasing 
temperature [67]; in the present case, the alloy was molten and subsequently cooled by self-
cooling of the furnace and the phase equilibrium was not reached. 
 
 
Figure 20:  Cross section of L2 bulk alloy 
 
A third minor phase was observed, which consists of γ’-Ni3Al with dissolved Zr 
(approximately 10 at %). Zr came from the partial dissolution of the Yttria-stabilized zirconia 
crucible during alloy production from the melt.  
 
4.1.1.3 Alloy L3 
 
Figure 21 reveals the microstructure of the as-cast L3 bulk alloy. From SEM+EDX 
measurements four phases were detected.  
The matrix also consists of a β-NiAl phase, the composition was found to be 50 at % Ni, 49.7 
at % Al and 0.2 at % Mo.  
The other major phase is also the α-Mo phase in the shape of dendrites. The composition 
measured was found to be 85.8 at % Mo, 12.0 at % Al and 2.0 at % Ni. Nevertheless in 
addition at the periphery of the latter dendritic phase, a Mo3Al phase which does not appear 
clearly in the cross section due to the very low contrast with the α-Mo phase, was observed in 
small amounts. It is thought that the α-Mo phase produced during the earlier stage of cooling 
is not in equilibrium and the solubility of Ni and Al decreases with decreasing temperature. 
β-NiAl
α-Mo
γ’-Ni3Al (Zr) 
20 µm 
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This means that during cooling Al is expelled from the original α-Mo phase leading to the 
formation of Mo3Al .  
A very small amount of the β-NiAl phase with a low zirconium contamination (≤ 1 at% Zr) 
was also detected; this phase can be considered as an impurity.  
In this alloy some pores were observed in the non contaminated β-NiAl zone, which led to an 
embrittlement of the alloy.  
 
 
Figure 21: Cross section of L3 bulk alloy 
 
4.1.1.4 Alloy L4 
 
The microstructure of the as-cast bulk alloy L4 is shown in Figure 22 combined with 
SEM+EDX analysis results.  
A β-NiAl phase with 49.6 at % Ni, 50.2 at % Al and about 0.2 at % Mo was also detected. 
Nevertheless, the major phase consists in this case,  of a Mo3Al phase with 22.8 at % Al, 75.8 
at % Mo and a small amount of Ni (1.3 at %). The low amount of nickel agrees with the low 
solubility of Ni in the Mo3Al phase predicted by the phase diagram [67].  The Mo3Al grains 
also have dendritic shapes.  
In this alloy a significant amount of a zirconium contaminated phase was also detected, which 
consists of a (Ni,Zr) (Al,Mo) phase. The composition of this phase was found to be 23.7 at% 
Ni, 42.4 at% Al, 7.35 at % Mo and 26.4 at% Zr. This alloy suffered from a particularly high 
zirconium contamination coming from the partial dissolution of the Yttria-stabilized zirconia 
crucible during melting of the alloy. The high amount of molybdenum and aluminium in this 
20 µm 
α-Mo
β-NiAl
β-NiAl (Zr) 
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alloy (see Table 2), needs a high melting temperature, and may explain the reason of such 
contamination.  
Some pores and cracks were also identified in the β-NiAl matrix.  
    
 
Figure 22: Cross section of L4 bulk alloy 
 
4.1.2 Coatings 
 
4.1.2.1 NiAl APS-coatings 
 
The starting material for the spraying process was an inert gas atomized NiAl powder, 
classified to a size fraction ranging from 20 µm to 45 µm (Figure 23). As a consequence of 
the production method [69], the powder particles have a spherical shape which is 
advantageous for the thermal spraying process with respect to the feedability and 
homogeneity of the powder. 
 
Mo3Al
β-NiAl 
(Ni,Zr)(Al,Mo)
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Figure 23: Particle size distributions of the NiAl powder, as-atomized and classified for 
the thermal spraying process (left), together with SEM images of the classified 
fraction (right). 
 
From EDX measurements of the powder surface, a single β-NiAl phase was detected with a 
small amount of aluminium oxide. 
 
Figure 24 represents the cross section of an APS-coating of the NiAl alloy with approximately 
430 µm thickness. The coating is characterised by a lamellar, uniform, homogeneous 
structure, free of macro cracks, and comparatively dense with regard to other examples of 
plasma sprayed coatings. Pores are identifiable as black areas, oxides as dark grey areas 
(lines). No delamination occurred at the substrate/coating interface, resulting in good 
adhesion of the coating onto the substrate. Some pores arise from the voids formed during 
solidification of the molten material in the course of the process. By using digital image 
analysis, the porosity could be measured to be in a range of less than 2% which is a 
reasonably good value for a plasma spray coating. The measurement of the oxide content 
inside the coatings by digital image analysis is only a rough method, since the line-shaped 
oxide boundaries are too fine. The oxide content, estimated by this method, gives values of 
more than 5%. 
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Figure 24: Light microscopy image of the cross section of a NiAl APS-coating 
 
Another characteristic of thermally sprayed coatings is the high degree of mechanical stress 
inside the coatings and the interdiffusion at the interface coating/substrate. In order to study 
the interdiffusion stability of the coating in contact with the underlying substrate, the NiAl 
coated 18 Cr ferritic steel was annealed under pure Ar at 800 °C for 100 h. 
 
 
Figure 25: Elemental EPMA mapping of the NiAl APS-coating after 100h at 800°C under 
Ar 
430 µm NiAl APS-coating 
18 Cr steel 
20 µm 
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No interdiffusion and delamination was observed by EPMA analysis (Figure 25) at the 
alloy/coating interface. 
 
 
Figure 26: SEM image and analysis of the surface of the NiAl APS-coating 
 
The outer surface of the NiAl coating was investigated by means of SEM (Figure 26). From 
BSE imaging two different areas were identified, the pale grey areas being the β-NiAl matrix, 
the dark ones being alumina (Al2O3). Alumina forms due to the atmospheric conditions 
required for the APS thermal spraying technology.  
 
4.1.2.2 NiAlMo APS-coatings 
 
The powder particles have a spherical shape (Figure 27) with a mean diameter of about 50 
µm.  
From the EDX measurements two different phases (Figure 28) were found on the powder 
surface: One Al2(Mo,Ni)-phase (bright in the image) with a high molybdenum amount (22 at 
%) and a β-NiAl phase with a lower amount of molybdenum (5 at %).  A small amount of 
alumina was also detected.  
Figure 29 represents the cross section of an APS-coating on Armco Iron. From metallographic 
observations the coating thickness was found to be close to 300 µm. Typical and regular 
structures of the coating were observed, with a fine lamellar structure. Pores are identifiable 
as black areas, oxides as dark grey areas.  
β-NiAl
Al2O3
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Figure 30 shows the digital image analysis results, porosity could be measured to be between 
2 % and 4 % which is an acceptable value for a plasma spray coating. The oxide content was 
estimated by the same method to be between 2.2 % and 8 %. 
 
 
Figure 27: Particle shape dimensions of the NiAlMo powder used for the thermal spraying 
process (SEM image) 
 
 
 
Figure 28: SEM image of the powder surface (BSE image) 
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Figure 29: Light microscopy image of the cross section of a NiAlMo APS-coating 
 
The NiAlMo APS-coatings were exposed under pure Ar at 800 °C for 100 h. No 
interdiffusion or delamination were observed by EPMA analysis (Figure 31) at the 
alloy/coating interface. 
 
 
 
 
Figure 30: Digital camera image of the porosity and the oxide 
 
NiAlMo APS-coating 
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Figure 31: Elemental EPMA mapping of a NiAlMo APS-coating after 100h at 800°C 
under Ar 
 
From the phase contrast measurements (Figure 32) two main areas were identified, the pale 
grey areas being the α–Mo phase (Mo with theoretically a very low solubility of Al), the dark 
areas being alumina (Al2O3). A β-NiAl phase with a high solubility of molybdenum (about 9 
at %) was also detected by EDX measurements.  
 
 
Figure 32:  SEM image and analysis of the NiAlMo APS-coating surface (BSE image)  
20 µm 
 
α-Mo 
Al2O3 
β-NiAl (Mo) 
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 4.2 Coefficients of thermal expansion (CTE) 
 
4.2.1 Determination of the heating rate to ensure  
experimental reproductibility 
 
The coefficients of thermal expansion (CTE) α or the coefficient of linear expansion, as it was 
defined by equation (22), of the NiAlMo and NiAl alloys, as well as of Armco Iron and the 18 
Cr ferritic steel were investigated. The CTE’s were measured during heating between 200°C 
and 800°C from the temperature cycle shown in Figure 15. Each measurement was repeated 
three times. 
It was observed however for all alloys, that a change of the heating rate leads to a significant 
change of  the CTE values. 
 An example of these discrepancies is shown in Figure 33 where the average (after three 
measurements) of the CTE of alloy L3 has been calculated for 2°C.min-1 and up to 5°C.min-1. 
This figure also shows the uncertainties between the three measurements for each heating 
rate.   
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Figure 33: Evolution of the CTE of alloy L3 as a function of temperature with different 
heating rates: 5°C.min-1 (▲), 3 °C.min-1(■) and 2 °C.min-1(□) 
  
The CTE values at 2°C.min-1 and 3°C.min-1 are quite similar, the difference between these 
values ranges from 0.5 % for high temperatures to 16 % for lower temperatures. The 
deviation between the values at 3 °C.min-1 or 2 °C.min-1 and the values at 5 °C.min-1 is 
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considerably larger for the whole temperature range (higher than 87 %). These results 
revealed that the experimental reproducibility for different heating rates is only ensured for a 
heating rate lower or equal to 3 °C.min-1.  
The main reason of this conclusion may be the fact that for a lower heating rate, the deviation 
between the temperature measured by the thermocouple (real temperature) and the 
temperature in the bulk material is smaller. Indeed, the bulk material needs sufficient time to 
reach its equilibrium temperature, which corresponds approximately to the real temperature 
 
The other conclusion that can be drawn from these investigations is that for all heating rates, 
the uncertainty between the three measurements decreases with increasing temperature. The 
measurement uncertainty of the CTE for alloy L3 in the present temperature range and at a 
heating rate of 2°C.min-1, is from 0.3 % for high temperature to approximately 1% for lower 
temperature. At a heating rate of 3°C.min-1 this uncertainty is between 0.2 % and 1 % and at 
5°C.min-1 the error is lower than 0.6 % in the whole temperature range.  
 
The following part presents the coefficients of thermal expansion of NiAl and the NiAlMo 
alloys at a heating rate of 3°C.min-1.  
 
4.2.2 Coefficients of thermal expansion of NiAl and the 
NiAlMo bulk materials 
 
Figure 34 depicts the coefficients of thermal expansion of NiAl, alloy L2, L3 and L4. The 
CTE of NiAl with values between 12.9 x 10-6 K-1 and 14.3 x 10-6 K-1 is relatively higher than 
the CTEs of the NiAlMo alloys; the deviation is more than 22 %. The low CTE of 
molybdenum (see values measured for the present work in Figure 35) compared to those of 
pure aluminium or pure nickel (higher than 13 x 10-6 K-1 [72-73]) may explain this difference. 
An addition of molybdenum leads to a significant decrease of the CTE in the whole 
temperature range.  
If a comparison is now made between the values of the CTEs obtained for the different 
NiAMo alloys (L2, L3 and L4), one can notice that these values are rather close to each other 
and between 9.70 x 10-6 K-1and 12.30 x 10-6 K-1. Table 5 summarises the CTE values obtained 
for these alloys. However it may be highlighted that the highest values of the CTE are 
obtained for alloy L3 due to its lower molybdenum amount (24.8 at %) compared to alloy L2 
(27.6 at %) and alloy L4 (28 at %).  
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The CTEs of the NiAlMo alloys increase very slowly with increasing temperature, whereas a 
decrease of the CTE with an increase of the temperature was observed for NiAl. The phase 
diagram of the binary NiAl system [66] showed however that in the temperature range of 
interest, no phase change should occur; this decrease may thus result from the error 
introduced by the measurements, and this decrease was only observed for one measurement 
among the three carried out for this alloy.  
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Figure 34: Evolution of the CTE as a function of temperature at a heating rate of  
3°C.min-1 for NiAl (+), alloy L2 (▲), alloy L3 (■) and alloy L4 (□) 
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Figure 35: Evolution of the CTE of pure molybdenum as a function of temperature at a 
heating rate of 3°C.min-1  
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Table 5: CTE of alloy L2, L3 and L4 between 200°C and 800°C  
Alloy α (10-6.K-1) between 
200°C and 800°C 
L2 9.70 - 11.60 
L3 10.50 - 12.30 
L4 10.50 - 11.20 
NiAl 13.5 - 14.6 
Ni * 13.4 
Al # 23.1 
Mo 5 - 6.3 
 
* data at room temperature from [73], # data at room temperature from [72]  
 
4.2.3 Comparison of the experimental CTEs with the 
Bozzolo-Ferrante-Smith (BFS) model 
 
The present part contains a comparison between the measured coefficients of thermal 
expansion and a prediction method developped by Bozzolo, Ferrante and Smith [74].These 
predictions came from a scientific collaboration and lead to a computation of the CTE for 
different temperatures, carried out by Guillermo Bozzolo from the Ohio Aerospace Institute 
in Cleavland (USA).  
The following paragraph gives a short introduction to the BFS method for CTE prediction.  
  
   4.2.3.1 The Bozzolo-Ferrante-Smith (BFS) method  
 
The BFS method has a strong foundation  in quantum perturbation theory, but simplifies the 
numerical effort usually associated with ab initio methods by providing a simple algorithm for 
the calculation of the energy of formation  ∆H (difference between the energy of the alloy and 
that of its individual constituents) of an arbitrary alloy.  
In BFS, the energy of formation is written as the superposition of individual contributions of 
all atoms  in the alloy: 
      ∑∑ =−=∆
i
ii
i
i eEEH )(
'
     (23) 
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where Ei’ is the energy of atom i in the alloy in eV and Ei is its corresponding value in a pure 
equilibrium monoatomic crystal. Each individual contribution ei is interpreted as the 
superposition of two components, the strain energy and a chemical energy, which separately 
deal with structural and compositional effects.  The method can be used to determine the zero 
temperature equation of state of an arbitrary alloy, from which the relationship between the 
lattice parameter a of a crystal structure and temperature can be established:    
 
      ( ) a   ∆+= eaTa     (24) 
where ae is the lattice parameter at zero-temperature and ∆a the variation of the lattice 
parameter with temperature.  
Thus, the lattice parameter a at a given temperature, i.e. the most probable distance between 
atoms, corresponds to the distance at which the energy Ei is the most negative.  Atom distance 
variation ∆a (equation (24)) with temperature variation may thus be translated into a 
macroscopic material length change ∆L. 
 The function α (T) describing the relation between the coefficient of thermal 
expansion and temperature can then be established with equation (24) and from the 
mathematical definition of the technical CTE given by equation (22).   
 
4.2.3.2 Results given by the BFS prediction and   
comparison   with experimental values 
 
A previous study was carried out leading to a prediction of the coefficient of thermal 
expansion at different temperatures of NiAl alloys [75] The mathematical function describing 
the relation between the CTE and the temperature in celsius was found to be: 
 
       -5-92-123-16 10 x 1.2  T 10 x 4  T 10 x 1.6 -T 10  x 2.4 ++=α     (25) 
 
Figure 36 shows the comparison between values obtained from equation (25) and the 
experimental values between 200°C and 800°C of the present work.  
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Figure 36: Evolution of the CTE of NiAl as a function of temperature: BFS predictions 
(■), experimental values at 3°C.min-1(▲) 
 
In the temperature range regarded the agreement between the predicted CTE of the 
intermetallic NiAl and the experimental results is quite good. The theoretical BFS values are 
between 13.2 x 10-6 K-1 and 14.6 x 10-6 K-1and differ from the experimental measurements by 
less than  9 %.   
 
The same theoritical predictions were carried out in the present work concerning alloy L2, L3 
and L4.   
A BANN algorithm [76], a variant of the traditional Monte Carlo-Metropolis algorithm, was 
used for the calculation of the thermal properties of the NiAlMo alloys. Starting with a 
computational cell where all the atoms are randomly distributed (representing a high 
temperature state), the BANN algorithm allows for exchanges of pairs of atoms that occupy 
nearest-neighbor sites. The exchange is accepted or rejected depending on the available 
thermal energy. This provides an effective way to simulate atomic diffusion, so that the 
equilibirum state at any given temperature has a better correlation with the experimental 
results.  
This is illustrated in Figure 37 where the lowest energy state for a given lattice and the 
corresponding distribution of atoms for alloys L2, L3 and L4 are shown. The fact that the 
results of these BFS-based BANN simulations are consistent with the experimental phase 
diagram raises confidence in the parametisation used, the basis for the calculation of the CTE. 
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         (L2)                    (L3)                     (L4) 
Figure 37: Atom distribution in alloy L2, L3 and L4 predicted by the BANN algorithm 
  corresponding to the lowest energy state 
 
Table 6 lists the physical properties (lattice parameter, energy of formation, bulk modulus) of 
alloys L2, L3 and L4 computed for the present work, compared to those of the NiAl 
intermetallic investigated in [75]. 
It has to be noticed that the BFS method for alloys deals basically with the energetics on an 
atom-by-atom basis, regardless of the microstructure. This explains clearly why only one 
lattice parameter is reported in Table 6. Furthermore, it is computationally nearly impossible 
to predict the lattice parameter of each phase as the time and length scales involved in such 
calculations would make them prohibitive from a computational standpoint.  
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Table 6: Physical properties of alloy L2, L3 and L4 and of the intermetallic NiAl  
Alloy Ni  (at%) Al (at%) Mo (at%) Lattice 
parameter 
(Å) 
Energy of 
formation 
(eV) 
Bulk 
modulus 
(GPa) 
NiAl (*) 50.0 50.0 --- 2.89 -0.61 144 
L2 39.0 33.2 27.6 3.04 -0.10 180 
L3 32.3 42.9 24.8 3.06 -0.11 164 
L4 20.0 52.0 28.0 3.10 -0.03 152 
(*)  data from [75] 
 
 
The calculation of a(T) and α(T) was performed using the BFS method as for the NiAl 
intermetallic with the UBER (Universal Binding Energy Relation) algorithm described in 
[75].  
Figure 38, Figure 39 and Figure 40 depict the theoretical CTE predicted by the BFS method 
and computed with the UBER algorithm, compared to the experimental measurements.  
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Figure 38: Evolution of the CTE of alloy L2 as a function of temperature: BFS predictions 
  (■), experimental values at 3°C.min-1 (▲) 
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Figure 39: Evolution of the CTE of alloy L3 as a function of temperature: BFS predictions 
  (■), experimental values at 3°C.min-1(▲) 
 
0
2
4
6
8
10
12
14
16
18
0 200 400 600 800 1000
Temperature (°C)
α (
10
-6
.K
-1
)
 
Figure 40: Evolution of the CTE of alloy L4 as a function of temperature: BFS predictions 
  (■), experimental values at 3°C.min-1(▲) 
 
It can be observed that there is a consistent deviation towards higher (theoretical) values of 
the CTE. The reason of  this disagreement can be traced to the overestimation of the CTE of 
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molybdenum, relative to the experimental values . One possible cause for this deviation is the 
fact that for consistency in this and other future calculations, the BFS method uses input 
parameters determined from first-principles calculations which, in cases such as Mo, 
overestimate the value of the cohesive energy. 
 The role of this parameter is essential for an accurate determination of the CTE using the 
algorithm in [76] and while it could be possible to adjust its value for this particular example, 
it is important to keep a framework of consistency that would make the method applicable in 
other, independant, situations. For nickel and aluminium, however, the agreement between the 
BFS predictions is significantly better: 13.2 x 10-6 K-1 for Ni (vs.13.4 x 10-6 K-1 experiment 
[73]) and 21.1x 10-6 K-1 for Al (vs 23.1x 10-6 K-1experiment [72]). 
On the other hand, while there is a deviation, it is important to note that this is a systematic 
deviation. The relative values of the measured CTE of NiAl and the alloys L2, L3 and L4  are 
very well reproduced by these calculations and the ratios between them (L2/NiAl, L3/NiAl, 
L4/NiAl) compare very well with the corresponding ratios from the experimental values. The 
important observation is the relative difference (from the NiAl CTE) between the CTEs of the 
NiAlMo alloys when varying the concentration of aluminium, nickel or molybdenum.  
One of the goals of this work was to see the influence of molybdenum additions in the NiAl 
system taken as a reference, and to confront the experimental measurements with the 
theoretical predictions by the BFS method computation. Thus, after these predictions, it may 
be concluded that even if the absolute CTE predictions for the NiAlMo alloys are not as 
accurate as might be desired, the BFS method offers a satisfactory way to predict the trends 
for the NiAlMo alloys (taking NiAl alloy as reference) in a given temperature range.  
 
    
4.2.4 Conclusions on the suitability of NiAl and 
NiAlMo alloys as protective coating for 
conventional steels in terms of the CTE 
 
Generally a very high deviation of the coating  CTE value compared to that of the substrate  
leads to the development of mechanical stresses in the coating/substrate interface on cooling 
or during thermo-cycling.  
The stress σ which arises from the different CTE values αco of the coating and αsub of the 
substrate can be calculated for a temperature change ∆T as follows [77]:  
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where Eco, Esub are the elastic moduli of the coating and of the substrate respectively, νco, νsub 
are the Poisson ratio of the coating and of the substrate respectively, dco, dsub are the thickness 
of the coating and of the substrate respectively.    
 
Equation (26) shows clearly that the mechanical stress is linearly proportional to the 
temperature change ∆T, but also to the CTE difference.   
Figure 41 shows the evolution of the experimental CTE as a function of the applied 
temperature of NiAl, alloy L2, L3 and L4 , as well as Armco Iron and the 18 Cr steel. 
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Figure 41: Evolution of the CTE as a function of temperature: alloy L2 (∆), alloy L3 (▲), 
alloy L4 (□), NiAl (◊), Armco Iron (■), 18 Cr steel (x) for 3°C.min-1 as heating 
rate 
 
Along the temperature range of interest (200-800 °C) the difference between Armco Iron and 
the 18 Cr steel is very small, thus, the addition of 18 at % chromium to pure iron seems to 
have no significant influence on the thermal expansion behaviour. 
 The difference between the CTE of the three NiAlMo alloys and  the iron based alloys 
remains lower than 20 %. The NiAl bulk material shows a CTE with a deviation compared to 
iron based alloys from 3 % for high temperature up to 18 % for lower temperature.  
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This indicates that NiAl and NiAlMo alloys, which have a CTE relatively close to those of  
ferritic steels, can be used as coating without introducing extensive mechanical stresses at the 
substrate/coating interface (calculated stresses with equation (26) give values lower than 1 
Mpa for NiAl and the NiAlMo alloys in the whole temperature range) during cooling or 
during heating cycles. 
 
 4.3 Exposure tests of the pure metals and two 
reference alloys in chlorine/oxygen 
environments 
 
4.3.1 Thermogravimetric curves and calculation of the 
rate constants of evaporation kl 
 
The following paragraphs present the results of the investigations on the kinetic behaviour of 
the pure metals as well as of the binary alloys under 2 v/o Cl2 + 3 ppm O2 + Ar. The same 
conditions (total partial pressure, sample dimensions, flow rate) were used for a meaningful 
comparison of the corrosion resistance potentials.  
 
4.3.1.1 Aluminium 
 
The thermogravimetric results obtained for aluminium between 450°C and 610°C are shown 
in Figure 42. Between 450°C and 550 °C the mass loss as a function of time is approximately 
constant. In this temperature range the mass loss rate is very low. 
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Figure 42: Thermogravimetric curves of aluminium under 2 v/o Cl2 + 3 ppm O2 + Ar, at 
  450°C (+), 500°C(▲), 570°C ( ∆), 590°C (□) and 610°C(■) 
 
Between 570 °C and 610°C it appears clearly that the thermogravimetric curves can be 
divided into two parts. The first part corresponding to the first minutes, gives approximately a 
constant mass (very low mass loss rate), the second part is characterised by a significant mass 
loss rate. One can also observe that the constant part is longer for lower temperatures.  
The formation of an aluminium oxide scale Al2O3 at ambient conditions and during the 
heating before chlorine exposure, reduced significantly the evaporation rate of the metal 
chlorides as it was already observed in [21]. The very low mass loss rate of aluminium 
observed between 450°C and 500°C, and in the first stage between 570°C and 610°C, may 
correspond to the evaporation rate of the pre-exposure Al2O3 scale, resulting from the reaction 
between the oxide and chlorine and producing volatile AlCl3 or AlCl. For temperatures lower 
than 500°C the evaporation kinetics from the reaction between Al2O3 and Cl2 seems to be 
slower or equal to the rate of the oxide growth (constant mass), leading to a high resistance of 
aluminium. 
 In the temperature range between 570°C and 610°C, after the consumption of most of pre-
exposure aluminium oxide scale which corresponds to the first part of the curves, chlorine is 
directly in contact with aluminium and leads to a faster reaction. Furthermore, the 
thermodynamic constant of the reaction between aluminium and chlorine is much higher than 
that of the reaction between chlorine and aluminium oxide. The rapid consumption of 
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aluminium due to the reaction with chlorine impedes the formation of a protective Al2O3 
oxide scale. 
An increase of the evaporation rate with increasing temperature was also observed; the 
evaporation rate of aluminium via the formation of aluminium chlorides, as well as the 
evaporation rate of other elements investigated in the present work, obeys to an Arrhenius-
type relationship given by equation (3). 
 
4.3.1.2 Molybdenum 
 
The mass change of molybdenum as a function of time between 500°C and 800°C is shown in 
Figure 43.  
 A linear mass loss was observed in the whole temperature range. This mass loss due to 
evaporation increases with increasing temperature. Under the present conditions, no 
protective molybdenum dioxide MoO2 leading to a decrease of the evaporation rate was 
formed. Several volatile molybdenum chlorides MoClx as well as molybdenum oxychloride 
MoOxCly may have formed in such atmosphere [4,5], arising from the reaction between 
molybdenum and  chlorine, and explaining the fast evaporation.   
A molybdenum sample was also placed under the same oxygen content (3 ppm) without 
chlorine, a very slow evaporation was observed. This evaporation came from the formation of 
volatile MoO3 oxide, but did not lead to a significant mass change.   
This means in other words, that the main reason for the high rate of linear evaporation of 
molybdenum under the present conditions in chlorine atmospheres must be attributed to the 
formation of volatile molybdenum chlorides or oxychlorides, as volatile MoO3 products did 
not show any significant influence on the evaporation rate.  
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Figure 43: Thermogravimetric curves of molybdenum under 2 v/o Cl2 + 3 ppm O2 + Ar, at  
  500°C(■), 600°C ( □), 700°C (▲) and 800°C(∆) 
 
 
4.3.1.3 Alloy 201 (nickel) 
  
Figure 44 depicts the mass change of alloy 201 as a function of time between 600°C and 
900°C.  
As for previous elements investigated, a linear mass loss rate increasing with temperature was 
observed. The mass loss rate was relatively low at a temperature of 600°C and increases 
significantly for higher temperatures. 
This observation may be explained by the fact that nickel can form solid nickel dichloride 
NiCl2 through the reaction with chlorine, which has one of the highest melting points (see 
Table 1 [13]) and the lowest vapour pressure among the other metal chlorides [13]. 
This high melting point and low vapour pressure of NiCl2 lead to a significant decrease of the 
nickel chloride evaporation rate at lower temperatures, as the formation of a protective solid 
NiCl2 scale may retard the mass loss.    
For a temperature higher than 700°C this protection is no more possible as the evaporation 
rate of the solid NiCl2 scale increases, and the mass loss is additionally accelerated by a direct 
reaction between nickel and chlorine (diffusing through pores and cracks) leading to the 
formation of volatile NiCl2.  
The formation of a NiO scale is however still possible at such oxygen partial pressures and  
could be an other reason of a lower evaporation rate at lower temperatures. Indeed, the 
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reaction between NiO and chlorine producing volatile NiCl2, is thermodynamically more 
favoured at higher temperatures.  
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Figure 44: Thermogravimetric curves of alloy 201 under 2 v/o Cl2 + 3 ppm O2 + Ar, at      
  600°C (∆), 700°C ( ▲), 800°C (□) and 900°C(■) 
 
 
4.3.1.4 Zirconium 
 
The kinetics behaviour of zirconium were investigated between 500°C and 800°C and the 
results are presented in Figure 45.  
The linear mass loss rate of zirconium increases with temperature increase between 500°C 
and 800°C. Different volatile ZrClx species with a relatively high vapour pressure are 
thermodynamically stable in such atmosphere, leading to a linear mass loss rate. However a 
surprisingly low evaporation rate was found at 500°C; the formation of a protective ZrO2 
oxide scale detected by SEM analysis could be the main reason for this observation.  
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Figure 45: Thermogravimetric curves of zirconium under 2 v/o Cl2 + 3 ppm O2 + Ar, at  
  500°C(∆), 600°C ( ▲), 700°C (□) and 800°C(■) 
 
 
4.3.1.5 Hafnium 
 
The kinetics of hafnium corrosion were also investigated in the present work to compare its 
corrosion behaviour with that of molybdenum or zirconium.  
Thermogravimetric curves of hafnium between 500°C and 800°C are shown in Figure 46.  In 
the whole temperature range the evaporation is linear. This evaporation increases with 
increasing temperature. Under such conditions no protective HfO2 oxide scale, which may 
lead to a significant decrease of the evaporation rate, was formed.  
This evaporation should be the consequence of a direct reaction between hafnium and 
chlorine, which is favoured by high temperature, producing several volatile HfClx 
compounds. 
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Figure 46: Thermogravimetric curves of hafnium under 2 v/o Cl2 + 3 ppm O2 + Ar, at  
  500°C(∆), 600°C ( ▲), 700°C (□) and 800°C(■) 
 
4.3.1.6 NiAl alloy and alloy B2 (β-Ni4Mo phase): influence 
of alloying on the kinetics of Ni, Al and Mo 
chlorination 
 
In Figure 47, the thermogravimetric curves of two binary alloys, NiAl and alloy B2 (mainly 
composed of the β-Ni4Mo phase), are compared to those of  alloy 201 (Ni), Al, and Mo. 
Alloy B2 shows a higher evaporation rate than pure nickel but a lower rate than pure 
molybdenum. Addition of molybdenum to pure nickel contributes to a decrease of the 
corrosion resistance of the latter against chlorine attack.  The formation of a protective NiO or 
NiCl2 scale may be  thermodynamically impeded in such an alloy as the activity of nickel is 
reduced  (compared to pure nickel). 
However, under chlorine atmospheres, NiAl shows approximately the same evaporation rate 
as pure nickel in the stationary time range. A high resistance was observed at the  beginning 
for NiAl, but not for pure nickel. Addition of aluminium to pure nickel results in the 
formation of a protective Al2O3 oxide scale, which has a higher thermodynamic stability 
under chlorine atmospheres than a NiO scale [2-3] and exhibits a slower growth than solid 
NiCl2, that may be  formed with pure nickel . The Al2O3 scale enables a very high resistance 
of the NiAl alloy and pure aluminium at the beginning of the corrosion process. Again the 
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Al2O3 scale may result from storage at ambient temperature and during the heating before the 
chlorine exposure test, and is being consumed in the presence of chlorine. 
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Figure 47: Thermogravimetric curves of alloy 201(∆), aluminium (▲) (at 610°C), 
molybdenum (+), NiAl alloy (□) and alloy B2 (■) at 800°C under 2 v/o Cl2 + 3 
ppm O2 + Ar  
 
 
4.3.1.7 Summary of the linear evaporation rate constants 
kl calculated from the thermogravimetric curves 
  
The linear evaporation rate constants kl were calculated from the thermogravimetric curves 
considering the linear part of each curve, which corresponds in practice to stationary 
conditions.  These kl values are summarised in Table 7 and Table 8.  
Nickel seems to have the lowest evaporation rate in the temperature range of interest.  Among 
the heavy metals investigated here i.e. molybdenum, hafnium or zirconium, the latter presents 
the lowest evaporation rate values. Zirconium has also the particularity to enable the 
formation of a protective ZrO2 oxide scale at lower temperatures, which decreases 
significantly the evaporation rates.  
Aluminium presents very low values at low temperatures, but these values increase rapidly 
with increasing temperature.  
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Among the two binary allows investigated, NiAl offers the best resistance against chlorine 
attack, with an evaporation rate of about a hundred times lower than that for alloy B2 at 
800°C. 
 
Table 7: Calculated evaporation rates of the pure metals and the binary alloys in 2 v/o 
Cl2 + 3 ppm + Ar  
 
 
Table 8: Calculated evaporation rates of aluminium in 2 v/o Cl2 + 3 ppm + Ar between 
450°C and 610 °C  
  
 
 
 
 
 
kl (g. cm-2. s-1) Temperature 
 
Element/Alloy 500°C 600°C 700°C 800°C 
Mo 1.10 x 10-5 3.85 x 10-5 4.35 x 10-5  6 x 10-5 
Alloy 201 (Ni) --- 2 x 10-8 8.60 x 10-7 7 x 10-7 
Hf 2.55 x 10-6 7.40 x 10-6 8.55 x 10-6 1.77 x 10-5 
 
Zr 7 x 10-9 1.10 x 10-6 1.50 x 10-6 3.40 x 10-6 
Alloy B2  
(β-Ni4Mo) 
--- --- --- 1.20 x 10-5 
NiAl alloy --- --- --- 8 x 10-7 
kl (g. cm-2. s-1) Temperature 
 
Element 450°C 500°C 570°C 590°C 610°C 
Al 7 x 10-10 9 x 10-9 7 x 10-7 1.50 x 10-6 3.5 x 10-6 
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4.3.2 Assessment of the activation energies of metal 
chloride evaporation 
 
Equation (3), which is also valid for the evaporation rate constante kl, leads to the following 
equation (27):  
    RT
E - )ln()ln( a0kkl =      (27) 
 
In this case, for each element,  the activation energy is directly proportional to the correlation 
coefficient of the Arrhenius plots depicted in Figure 48.  
Thus, the activation energies Ea of the pure metals investigated were assessed from the 
Arrhenius plots and are summarised in Table 9.  
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Figure 48: Arrhenius plots of hafnium (∆), alloy 201 (▲), molybdenum (□), aluminium 
  (■) and zirconium (◊), under 2 v/o Cl2 + 3 ppm O2 + Ar  
 
The lowest value of the activation energy was found for molybdenum (37 kJ.mol-1), and the 
highest for aluminium (290 kJ.mol-1); the latter corresponds in fact to the activation energy of 
the evaporation of Al2O3 formed at the metal surface.  
Among the heavy metals investigated, zirconium presents the highest values of Ea. Due to its 
possibility to develop a protective oxide layer at lower temperatures, zirconium presents two 
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values of its activation energy corresponding to two different corrosion processes. The lower 
value corresponds to the evaporation of zirconium chlorides from the reaction of the metal 
with chlorine and the second value to their evaporation from the reaction of zirconia with 
chlorine.   
Alloy 201 (nickel) presents also a relatively high activation energy under the present 
conditions, which may explain the low vapour pressure theoretically expected for nickel 
chlorides. 
    
Table 9: Activation energies Ea of metal chloride evaporation for pure metallic elements 
investigated under 2 v/o Cl2 + 3 ppm + Ar 
 
Element Ea (kJ.mol-1) 
Al (Al2O3) 290 
Mo 37 
Zr-ZrO2 43 - 290 
Hf 41 
Alloy 201 (Ni) 154 
 
 
4.3.3 Preliminary conclusions from the kinetics 
investigations 
 
These investigations provided pertinent information on the kinetics of several pure elements 
under chlorine environments, as well as the possibility to compare them and to make some 
conclusions.  
The heavy elements showed clearly their significant tendencies to produce highly volatile 
chlorides leading to a fast evaporation at high temperature. However, among these elements, 
zirconium showed the best resistance against chlorine attack, especially at low temperatures, 
due to its ability to form a high protective ZrO2 layer.  
Addition of aluminium in nickel led to the formation of a protective Al2O3 oxide as for pure 
aluminium, which enables a relatively high protection in the beginning of the corrosion 
process.  The β-Ni4Mo phase (alloy B2) showed a lower chlorine resistance than pure nickel 
(alloy 201), the high vapour pressure of the molybdenum chlorides or molybdenum 
oxychlorides, as well as the absence of a NiO or NiCl2 scale, could explain this observation.  
4. Results  
 
75 
Activation energiy Ea assessment, revealed that values of these are strongly related to the 
ability of an element to form a stable and dense oxide. The formation of a dense and 
protective oxide decreases significantly the evaporation rate and thus increases the activation 
energy of the evaporation process via the formation of metal chlorides, as it was observed for 
zirconium at 500°C.  
 
4.4 Exposure tests of the experimental alloys in 
chlorine/oxygen environments 
 
  4.4.1 Short term exposure in “reducing” atmosphere 
 
The corrosion behaviour of alloy L2, L3  and L4,  was investigated under “reducing” 
condition at 800°C, in 2 v/o Cl2 + 3 ppm O2 + Ar and for 30 h time exposure. The following 
paragraphs present the results obtained.  It has to be noticed that due to an overlapping of the 
molybenum and oxygen signals during microanalysis, oxygen appears in the molybdenum 
rich zone, but does not mean that this element is really present in this zone.  
 
   4.4.1.1 Alloy L2 
 
Figure 49 presents the elemental mapping of alloy L2 after exposure. The depth of attack is 
130 µm. A strong depletion of aluminium from the β-NiAl phase was observed with nickel 
remaining. However, the α-Mo phase showed a high stability under such conditions, as no 
strong attack of molybdenum by chlorine was observed. A thin Al2O3 scale was also detected  
at the surface of the alloy.  
 
   4.4.1.2 Alloy L3 
 
Elemental distribution maps in Figure 50 revealed a depth of attack of 166 µm for alloy L3. 
The depletion of aluminium from the β-NiAl phase was stronger than for alloy L2, and also 
characterised by the remaining nickel. The α-Mo phase (surrounded by a Mo3Al phase) 
showed also a high stability under the present conditions for this alloy. A small and thin 
Al2O3 scale was detected  at the surface of the alloy, nevertheless no presence of chlorine or 
chlorides was detected for this alloy.  
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4.4.1.3 Alloy L4 
 
The EPMA analysis presented in Figure 51 revealed a depth of attack of 133µm for  this 
alloy. A strong depletion of aluminium from the β-NiAl phase and the (Ni,Zr) (Al,Mo) phase, 
with nickel remaining, was observed. The high molybdenum content Mo3Al phase showed a 
high stability also in this atmosphere. A high amount of Al2O3 was found around the Mo3Al 
grain boundaries at the surface of the sample; this alumina formed a discontinuous and 
inhomogeneous scale.  
 
 
Figure 49: Elemental distribution maps of the cross section for alloy L2 after exposure in  
  2 v/o Cl2 + 3ppm O2 + Ar, at 800°C, for 30h. 
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Figure 50: Elemental distribution maps of the cross section for alloy L3 after exposure in  
  2 v/o Cl2 + 3ppm O2 + Ar, at 800°C, for 30h. 
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Figure 51: Elemental distribution maps of the cross section for alloy L4 after exposure in  
  2 v/o Cl2 + 3ppm O2 + Ar, at 800°C, for 30h. 
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4.4.1.4 Conclusions for this atmosphere 
 
These first investigations on the alloys in “reducing” conditions revealed a surprisingly high 
stability of the high molybdenum content α-Mo and Mo3Al phases.   
Actually, a very high amount of molybdenum was expected to offer a negative behaviour due 
to the ability of this element to form extreme volatile molybdenum chlorides or oxychlorides, 
as it has widely been observed by kinetics investigations of pure molybdenum presented in a 
previous section. These surprising results will be further discussed in the discussion part of 
the present work.  
All these alloys show a strong depletion of aluminium from the β-NiAl phase, which can lead 
to a depth of attack up to more than 160 µm. Such depletion of aluminium may be explained 
by the high thermodynamic stability of the volatile aluminium trichloride AlCl3 or 
monochloride AlCl, leading to a high evaporation rate of this element. The remaining nickel 
in the same phase can thus be attributed to a selective reaction of chlorine with aluminium 
producing aluminium chlorides, which have a higher thermodynamic stability and volatility 
than nickel chlorides NiCl2 [4].   
The presence of Al2O3 on the surface of the sample was also detected for all these alloys. 
Volatile aluminium chlorides formed during the reaction between chlorine and aluminium, 
may diffuse through pores and cracks in the gas phase, and react again with oxygen to form 
aluminium oxides. This phenomenon is similar to what is often called “active oxidation “ [78-
79].  
  4.4.2 Short term exposure in “oxidising” atmosphere 
 
The corrosion behaviour of alloy L2, L3  and L4 was investigated under 0.2 v/o Cl2 + 1 v/o 
O2 + Ar simulating “oxidising” conditions, at 800°C and for 30 h exposure.  
 
   4.4.2.1 Alloy L2  
  
Figure 52 presents the EPMA analysis of alloy L2 after exposure, the depth of attack was 
measured to be close to 100 µm. A slight depletion of aluminium from the β-NiAl phase, and 
underneath an Al2O3 scale, was detected.  The alumina layer formed is overcoated by a NiO 
scale. In this atmosphere the α-Mo phase showed a somewhat lower stability, since a slight 
depletion of molybdenum in this phase was detected. No chlorine or chlorides were found for 
this alloy after exposure.  
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Figure 52: Elemental distribution maps of the cross section for alloy L2 after exposure in 
  0.2 v/o Cl2 + 1 v/o O2 + Ar, at  800°C,  for 30 h. 
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Figure 53: Elemental distribution maps of the cross section for alloy L3 after exposure in 
  0.2 v/o Cl2 + 1 v/o O2 + Ar, at  800°C,  for 30 h. 
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Figure 54: Elemental distribution maps of the cross section for alloy L4 after exposure in 
  0.2 v/o Cl2 + 1 v/o O2 + Ar, at  800°C,  for 30 h. 
 
4.4.2.2 Alloy L3 
 
EPMA analysis of alloy L3 after exposure (Figure 53) showed a depth of attack of 78 µm, 
with a depletion zone of aluminium overcoated by an alumina layer. A NiO scale was also 
found at the surface of the sample. The α-Mo grains surrounded by a Mo3Al phase were 
strongly attacked in this atmosphere, a strong depletion of molybdenum was observed in these 
phases, whereas an enrichment of aluminium leading to the formation of Al2O3 in the grains 
was identified.  
 
4.4.2.3 Alloy L4 
 
Figure 54 shows a cross section of alloy L4 after exposure, a strong attack of the Mo3Al phase 
may be observed. Molybdenum from this phase was almost completely consumed to a depth 
of 67 µm, which can explain the strong depletion that can be observed in the elemental 
distribution maps. The formation of alumina from the Mo3Al grain was also observed, as well 
as NiO, formed from the β-NiAl phase. Al2O3/NiO oxides formed discontinuous and 
inhomogeneous scales. 
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4.4.2.4 Conclusions for this atmosphere 
 
These investigations show that the high molybdenum content α-Mo and Mo3Al phases are no 
more high resistant under “oxidising” environments, instead a strong attack was observed for 
the Mo3Al phase detected in alloy L3 (surrounding the α-Mo phase) and alloy L4. This 
observation can be explained by the high volatility of molybdenum oxichlorides, in particular 
MoO2Cl2, but also of molybdenum trioxides (MoO3)3 under such conditions. Indeed, it has 
already been concluded from [33] that if pO2 ≥ 0.1 for example, the vapour pressure of 
(MoO3)3 is more than log p(MoO3)3=-3.5. The high content of molybdenum in these phases 
led to its fast evaporation as molybdenum oxichlorides and molybdenum trioxides through a 
reaction with chlorine and/or oxygen. The strong depletion of molybdenum led to an 
enrichment of aluminium in the α-Mo and Mo3Al phases, this enrichment of aluminium 
favoured thermodynamically the formation of a high amount of Al2O3 in the grains.  
The consequence of this kind of “active-oxidation” was more pronounced in this atmosphere 
due to a higher oxygen partial pressure leading to a steeper gradient between the oxide/gas 
process interface and the oxide/alloy interface. For this reason a thicker scale of alumina 
overcoated by a thick NiO scale was observed for all these alloys. These oxides came from 
the fast reaction between metal chlorides and oxygen near the metal surface, increasing 
significantly the oxides growth rate.  
 
4.4.3 Longer term exposure at 600°C in “reducing” 
atmosphere: influence of Mo in the NiAl binary 
system 
 
The corrosion behaviour of NiAl and alloys L2, L3  and L4 was investigated in “reducing” 
atmosphere, under 0.2 v/o Cl2 + 3 ppm O2 + Ar at 600°C, for a longer time of exposure of 100 
h. These investigations were particulary interesting as they showed us the influence of 
molybdenum in the binary NiAl system in terms of the corrosion resistance under chlorine 
atmospheres.  
 
4.4.3.1 NiAl 
This alloy showed a high resistance under this atmosphere (Figure 55), a very thin and 
compact aluminium oxide layer close to 1 µm was detected. Some chlorine was also analysed 
in the Al2O3 layer indicating the presence of aluminium chlorides. 
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Figure 55: Elemental distribution maps of the cross section of NiAl after exposure in 0.2 
v/o Cl2 + 3 ppm O2 + Ar, at  600°C,  for 100 h. 
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Figure 56: Elemental distribution maps of the cross section for alloy L2 after exposure in 
  0.2 v/o Cl2 + 3 ppm O2 + Ar, at  600°C,  for 100 h. 
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Figure 57: Elemental distribution maps of the cross section for alloy L3 after exposure in 
  0.2 v/o Cl2 + 3 ppm O2 + Ar, at  600°C,  for 100 h. 
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Figure 58: Elemental distribution maps of the cross section for alloy L4 after exposure in 
  0.2 v/o Cl2 + 3 ppm O2 + Ar, at  600°C,  for 100 h. 
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4.4.3.2 Alloy L2 
 
Figure 56 presents alloy L2 after exposure, this alloy showed a depth of attack of 115 µm. The 
attacked zone is characterised by aluminium depletion from the β-NiAl phase. A 
discontinuous and inhomogeneous aluminium oxide/chloride mixed layer was observed. The 
α-Mo phase showed a high resistance under these conditions.  
 
4.4.3.3 Alloy L3 
 
A depletion zone of aluminium from the β-NiAl of 100 µm was also observed for this alloy 
(Figure 57), in the same zone, a mixed layer of aluminium oxides/chlorides was analysed. The 
α-Mo grains (surrounded by a Mo3Al phase) showed a high stability in this atmosphere, no 
strong evaporation of molybdenum as under “oxidising” conditions was observed.  
 
4.4.3.4 Alloy L4 
 
Aluminium depletion was also observed in this alloy to a depth of 142 µm (Figure 58), the 
(Ni,Zr)(Al,Mo) phase was preferentially attacked and suffered from aluminium evaporation. 
A thick, but not dense, Al2O3/AlCl3 layer was also detected for this alloy, which is sitting on 
the depletion zone. The Mo3Al grains showed a high resistance in this atmosphere but 
suffered from spallation, due to the selective and intergranular attack of the (Ni,Zr) (Al,Mo) 
phase.   
 
4.4.3.5 Conclusions for longer term exposure 
  
All these alloys developed an aluminium oxide layer with some solid aluminium chlorides 
incorporated in the scale. These investigations were carried out at a lower temperature than 
the short term investigations, and enabled the formation of condensed chlorides. However for 
the NiAl alloy, the alumina scale was more dense and continuous than for the NiAlMo alloys, 
which may explain the high resistance of this alloy under the present conditions.  
NiAlMo alloys suffered more than NiAl from the so called “active-oxidation” characterised 
by a strong aluminium depletion in the β-NiAl phase. For this reason, in these alloys a thicker 
and discontinuous oxide scale was observed.  
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The α-Mo and Mo3Al grains present in NiAlMo alloys showed, even after a longer term 
exposure, a high stability, however, the selective attack of the (Ni, Zr)(Al.Mo) phase in alloy 
L4 caused some spallation of the Mo3Al grains. The high thermodynamic stability and 
volatility of the zirconium chlorides (in particular ZrCl4) as well as of the molybdenum 
chlorides, could explain the preferentially attack of the (Ni, Zr)(Al.Mo) phases.  
 
 4.5 Exposure tests of the APS-coatings 
 
This part presents the exposure test results of the NiAl and NiAlMo APS-coatings under 
“reducing” and “oxidising” conditions.  
 
4.5.1 Exposure in “reducing” and “oxidising” 
atmospheres 
 
   4.5.1.1 Exposure in “reducing” atmosphere 
 
The cross section of the NiAl APS-coating after 100 h exposure revealed a depth of corrosion 
attack close to 54 µm (Figure 59).  
The coating presents an inhomogeneous dark outer zone with the dark areas concentrated at 
the bottom of the attacked zone. This zone was identified as aluminium oxides by EPMA 
analysis (Figure 60). A depletion of nickel was measured in this attacked zone by a 
quantitative line scan (Figure 61). No presence of chlorine or metal chlorides was detected by 
EPMA in the coating after exposure.  
 
The cross section of the NiAlMo APS-coating after 100 h exposure presented a very low 
depth of corrosion attack of 12 µm (Figure 62), compared to that of the NiAl APS-coating.  
This coating presents also a homogeneous dark outer zone, but significantly thinner than that 
observed for the NiAl-APS coating. EPMA analysis (Figure 63) characterised this zone as a 
thin scale of alumina. The coating showed a remaining of molybdenum in these conditions, 
resulting from a selective chlorination/oxidation of aluminium. No presence of chlorine or 
metal chlorides was detected by EPMA after exposure.  
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Figure 59: Cross section of the NiAl APS-coating after exposure in 1 v/o Cl2 + 3 ppm O2 
+ Ar, at  800°C,  for 100 h (BSE image) 
 
 
Figure 60: Elemental distribution maps of the cross section of the NiAl APS-coating after 
exposure in 1 v/o Cl2 + 3 ppm O2 + Ar, at  800°C,  for 100 h 
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Figure 61: Quantitative line scan of the NiAl APS-coating cross section after exposure in 
1 v/o Cl2 + 3 ppm O2 + Ar, at  800°C,  for 100 h 
 
 
 
Figure 62: Cross section of the NiAlMo APS-coating after exposure in 1 v/o Cl2 + 3 ppm 
O2 + Ar, at 800°C, for 100 h (BSE image) 
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Figure 63: Elemental distribution maps of the cross section of the NiAlMo APS-coating 
after exposure in 1 v/o Cl2 + 3 ppm O2 + Ar, at 800°C, for 100 h 
 
   4.5.1.2 Conclusions for this atmosphere 
  
The NiAl APS-coating showed a depth of attack (corresponding to alumina) almost five times 
as high as that of the NiAlMo APS-coating in this atmosphere. The high amount of alumina in 
the attacked zone may be explained by the initiation of the well known “active-oxidation”, 
which led to a fast reaction of the volatile AlCl and AlCl3 formed with oxygen and producing 
Al2O3. The concentration of alumina at the bottom of the attacked zone should be associated 
with the higher diffusion coefficient of oxygen in the gas phase through pores and cracks 
compared to that of chlorine (almost twice as high at 800°C [17]). As a consequence, 
increasing the oxygen/chlorine partial pressure ratio with increasing depth leads to a higher 
thermodynamic stability of alumina compared to the aluminium chlorides, and thus to a more 
pronounced effect of the “active-oxidation” in the depth. 
The very high vapour pressure of the AlCl and AlCl3 chlorides compared to the NiCl2 
chlorides should be one of the reasons for the selective “active-oxidation” of aluminium 
observed. Indeed, as the volatility of AlCl3 is higher than that of NiCl2, the process of “active-
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oxidation” would be significantly more pronounced for aluminium through a preferential 
reaction of AlCl3 with oxygen leading to the high amount of Al2O3 observed.  
However a depletion of nickel was observed  in the attacked zone. The progressive formation 
of alumina by “active-oxidation” which has a very high resistance against chlorine attack, was 
followed by the facilitation and preferential reaction of chlorine with nickel producing volatile 
nickel chlorides.   
 
For the NiAlMo APS-coating, as it has already been mentioned before, the depth of attack 
was significantly less. The high aluminium content of this coating probably leads to a high 
activity of this element, particulary in the β−NiAl phase and enables, even at a low oxygen 
partial presure, the formation of an Al2O3 scale. The alumina layer growth may also be 
accelerated by the “active-oxidation” process involving volatile AlCl, AlCl3 and oxygen 
initiated at the coating subsurface. The formation of a dense and protective alumina scale, 
acting as a diffusion barrier, reduced significantly the attack of the other elements such as 
molybdenum or nickel. 
 
 
   4.5.1.3 Exposure in “oxidising” atmosphere 
 
The cross section of the NiAl APS-coating after the 100 h tests showed a maximal depth of 
corrosion attack close to 360 µm (Figure 64).  
The coating presents an inhomogeneous dark and thick zone, identified as aluminium oxides 
by EPMA analysis (Figure 65). In the same zone, the presence of chlorine as well as 
aluminium chlorides (thermodynamically stable under the present conditions) was detected. A 
strong depletion of nickel was measured by a quantitative line scan of the cross section 
(Figure 66).  
A continuous failure of the alumina formed was observed on the cross section, as well as a 
higher porosity at the bottom of the attacked zone.  
The cross section of the NiAlMo APS-coating after the 100 h exposure revealed a lower depth 
of corrosion attack of 125 µm (Figure 67), compared to that of the NiAl APS-coating under 
the same conditions.  
This coating presents also an inhomogeneous dark zone identified as alumina by EPMA 
analysis (Figure 68).  The presence of chlorine as well as of aluminium chlorides was also 
detected by EPMA after exposure. A strong depletion of nickel as well as of molybdenum in 
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the attacked zone may be identified by a quantitative line scan of the cross section (Figure 
69).  
A discontinuous failure inside the coating, in the alumina zone was observed.  
 
 
Figure 64: Cross section of the NiAl APS-coating after exposure in 1 v/o Cl2 + 1 v/o O2 + 
Ar, at 800°C,  for 100 h (BSE image) 
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Figure 65: Elemental distribution maps of the cross section of the NiAl APS-coating after 
exposure in 1 v/o Cl2 + 1 v/o O2 + Ar, at  800°C,  for 100 h 
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Figure 66: Quantitative line scan of the NiAl APS-coating cross section after exposure in 
1 v/o Cl2 + 1 v/o O2 + Ar, at  800°C,  for 100 h 
 
 
Figure 67: Cross section of the NiAlMo APS-coating after exposure in 1 v/o Cl2 + 1 v/o 
O2 + Ar, at 800°C,  for 100 h (BSE image) 
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Figure 68: Elemental distribution maps of the cross section of the NiAlMo APS-coating 
after exposure in 1 v/o Cl2 + 1 v/o O2 + Ar, at  800°C,  for 100 h 
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Figure 69: Quantitative line scan of the NiAlMo APS-coating cross section after exposure 
in 1 v/o Cl2 + 1 v/o O2 + Ar, at  800°C,  for 100 h 
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   4.5.1.4 Conclusions for this atmosphere 
 
The NiAl APS-coating showed a depth of attack significantly higher than that in the 
“reducing” atmosphere. In this atmosphere, the attacked zone is characterised by a high 
amount of aluminium oxides resulting from a more pronounced  “active-oxidation” of 
aluminium. This process was strongly accelerated by the higher oxygen partial pressure in the 
atmosphere, introducing a steeper oxygen gradient between the process gas/coating interface 
and a zone located in the depth of  the coating, and facilitating thus the reaction between 
AlCl3 and O2 in this zone.  
 The formation of a porous alumina scale may be explained by the fact that the volatile 
aluminium chlorides migrate in outward direction through cavities, channels and pores of the 
aluminium oxide scale, thus, reaching areas of increased oxygen partial pressure in the outer 
part of the scale where the aluminium chlorides are converted into solid metal oxide. The 
newly formed oxide resulting from this mechanism inside the aluminium oxide scale creates 
new volume of solid material which can only be accommodated by cracking of the existing 
oxide scale. As a consequence, this mechanism leads to a porous and thick alumina scale, 
explaining the failure oberved in the scale and which occurred during the cooling.  
As in the “reducing“ atmosphere, the acceleration of aluminium oxidation to form stable 
alumina, is followed by a preferential reaction of nickel with chlorine in the attacked zone, 
producing volatile nickel chlorides.  
 
The NiAlMo APS-coating also showed a significant acceleration of aluminium oxidation 
compared to that in the “reducing” atmosphere through an “active-oxidation” process. This 
process led for the same reasons as detailed before for the NiAl APS-coating, to a porous and 
thick alumina scale, and to the failure oberved in the scale after cooling. 
A strong depletion of molybdenum (essentially present in the α-Mo phase) was observed, the 
same observations were made for the NiAlMo alloys after exposure under “oxidising” 
conditions.  Indeed, molybdenum due to the higher oxygen content may under this 
atmosphere be able to form volatile oxichlorides MoOxCly (in particular MoO2Cl2,) as well as 
molybdenum trioxides MoO3.  
The strong depletion of nickel observed in the attacked zone should be explained by the same 
reasons given before for the NiAl APS-coating, i.e. facilitation, in the presence of stable 
alumina, of the reaction between chlorine and nickel, producing volatile nickel chlorides. 
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As the attack of the APS-coatings under “reducing” environment was significantly less 
pronounced after a 100 h exposure, an exposure of 300 h under “reducing” conditions was 
carried out.   
  
  4.5.2 Longer term exposure in “reducing” atmosphere 
 
The cross section of the NiAl APS-coating after 300 h exposure revealed a depth of corrosion 
attack close to 130 µm (Figure 70), which represents a depth more than twice as high as after 
100 h exposure under the same conditons.  
The coating presents, as after the 100 h exposure, an inhomogeneous dark outer zone with the 
dark areas concentrated at the bottom of the attacked zone. The thickness of these 
concentrated dark areas is higher than after 100 h exposure (30 µm after 300 h vs 15 µm after 
100 h) . The attacked zone was identified as aluminium oxides by EPMA analysis (Figure 71) 
and characterised by nickel depletion (Figure 72).  No presence of chlorine or metal chlorides 
was detected by EPMA in the coating after this longer term exposure.  
The cross section of the NiAlMo APS-coating even after 300 h exposure, revealed also a very 
low depth of corrosion attack of 20 µm (Figure 73). 
A homogeneous and thin dark outer zone was observed for this coating. EPMA analysis 
(Figure 74) characterised this zone as a thin, dense and compact alumina scale. No presence 
of chlorine or metal chlorides was detected by EPMA after exposure. Remaining 
molybdenum  as well as a very low nickel depletion were observed in the  dark zone. 
Nevertheless some cracks and delaminations, which occurred during cooling, were observed 
for this coating due to the high alumina amount of the as-sprayed coating 
 
4.5.3 Conclusions of the longer term exposure in 
“reducing” atmosphere 
 
The depth of attack of the NiAl APS-coating was still higher than that of the NiAlMo APS-
coating after this exposure time. The initiation of the “active-oxidation” process was more 
pronounced after this test than after 100 h exposure , due to the longer exposure time.  
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Figure 70: Cross section of the NiAl APS-coating after exposure in 1 v/o Cl2 + 3 ppm O2 
  + Ar, at  800°C,  for 300 h (BSE image) 
 
 
BSE Ni Al
O Cl
 
Figure 71: Elemental distribution maps of the cross section of the NiAl APS-coating after 
exposure in 1 v/o Cl2 + 3 ppm O2 + Ar, at  800°C, for 300 h 
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Figure 72: Quantitative line scan of the NiAl APS-coating cross section after exposure in 
1 v/o Cl2 + 3 ppm O2 + Ar, at  800°C, for 300 h 
 
 
 
Figure 73: Cross section of the NiAlMo APS-coating after exposure in 1 v/o Cl2 + 3 ppm 
  O2 + Ar, at  800°C,  for 300 h (BSE image) 
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Figure 74: Elemental distribution maps of the cross section of the NiAlMo APS-coating 
after exposure in 1 v/o Cl2 + 3 ppm O2 + Ar, at 800°C, for 300 h 
 
 
The concentration of alumina at the bottom of the attacked zone should have the same 
explanation as that given after 100 h exposure under the same conditions. However, as the 
exposure was longer, the thickness of the alumina zone is higher  .  
The depletion of nickel in the attacked zone may be the result of a reaction with chlorine 
producing volatile NiCl2. 
 
For the NiAlMo APS-coating, the depth of attack was still significantly less pronounced and 
limited, even after a longer term exposure. Due to the longer time of exposure, as well as to 
the high aluminium content of this coating  providing a high activity of aluminium particulary 
in the β−NiAl phase, the formation of a dense, compact and protective Al2O3 scale was 
observed.  This alumina scale, which acts as a chlorine diffusion barrier limited strongly the 
attack of molybdenum and nickel and explains the remaining of these elements.  
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5. Discussion 
A helpful tool for the development of new corrosion resistant alloys or coatings is the use of 
corrosion resistance diagrams predicting the stability of phases as a function of the 
composition of the process environment.  
The conventional approach in this case is the establishment of thermodynamic stability 
diagrams which however only regard the existence of solid and liquid phases. As described in 
chapter 2 for chlorine corrosion the corrosion rates may be determined to a larger extent by 
the formation of volatile corrosion products. Therefore, one of the main aim of the present 
work was also to develop an extended approach to the assessment of material stability 
including the situation of the formation of volatile corrosion species. This new approach was 
introduced to serve as a basis of coatings design for chlorine environments.  
 
 5.1 Prediction diagrams  
 
It has already been mentioned in the state of the art, that the most recent method to assess the 
corrosion risk of materials under chlorine environments, was the development of quasi-
stability diagrams. These quasi-stability diagrams were developed to solve the disadvantage 
of the conventional stability diagrams where only solid and liquid phases are taken into 
account for the calculation of the stable phases. 
As an example Figure 75 shows the chlorine partial pressure lines where the  nickel chloride 
gas phase NiCl2(g) reaches partial pressures from 10-2 bar up to 10-5 bar, and the stability 
areas of the solid nickel chloride phase NiCl2(s) as a function of the temperature, calculated 
by HSC [70]. It appears clearly in this graph, that for each temperature and at a very low 
chlorine partial pressure limit, the solid metal chloride phase can coexist with an amount of 
10-4 bar of gaseous metal chloride NiCl2(g). At temperatures higher than 600 °C this is 
reached without formation of any solid nickel chloride phase. In this case a rapid sublimation 
of the solid metal chlorides occurs leading to the reaction given by equation (4).  These results 
can be generalised for all metal chlorides, i.e a coexistence between the solid and the gas 
phase at low temperature, and a very fast sublimation of the metal chlorides at high 
temperature will occur. Both of these facts lead to an acceleration of the corrosion rate via the 
evaporation of the volatile metal chloride phase, particularly at sufficiently high temperature.  
As mentioned before this temperature value amounts to about 600°C for NiCl2. For other 
metal chlorides this value is given in Table 10. 
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Table 10: Limit values of the temperatures above which evaporation of metal chlorides 
occurs without the formation of an MxCly layer 
 
Metal chloride Temperature 
(°C) 
AlCl/AlCl3 200 
FeCl2/FeCl3 550 
NiCl2 600 
MoCl4/MoCl3 100 
CrCl2/CrCl3 0 
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Figure 75: Solid and volatile nickel chlorides as a function of temperature. The solid  line 
depicts the limit chlorine partial pressure between solid NiCl2, and Ni. The 
dashed lines represent the chlorine partial  pressure leading to a NiCl2 vapour 
pressure between 10-6 bar and 10-2 bar after reaction with nickel.   
  I: No formation of solid or liquid chlorides thermodynamically possible.  
  II: Formation of solid nickel chloride, the vapour pressure of the solid nickel 
  chloride is lower than the critical value of 10-4 bar. 
III: Formation of solid nickel chloride, the vapour pressure above the solid 
nickel chloride is higher than the critical value of 10-4 bar. 
IV: The critical value of 10-4 bar is reached before any formation of solid 
nickel chloride via a direct sublimation of nickel into volatile metal chlorides. 
 
I II 
III 
IV 
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Quasi-stability diagrams are mainly based on the assumption that a partial pressure of 10-4 bar 
of the metal chlorides is a critical partial pressure above which  a significant mass loss is 
oberved.  
Although the critical vapour pressure value pMxCly =10-4 bar has widely been used in 
investigations for the assessment of the corrosion risk in chlorine environments, only few 
explanations on the origin of this value are given in the literature. 
Thus, before presenting a newly developed diagram approach, in the following part a more 
theoretical approach of  this criterion is proposed distinguishing between moderate and 
catastrophic corrosion, together with the development of quasi-stability diagrams of hafnium 
and zirconium for a comparison with other diagrams developed in [2-5]. This will highlight 
the main positive points of the quasi-stability diagram approach as well as its limits as a tool 
for the corrosion rate assessment.   
 
  5.1.1 Quasi-stability diagrams  
 
   5.1.1.1 Hertz-Langmuir equation 
 
The critical value of 10-4 bar for the metal chloride vapour pressures, which in fact comes 
from experimental observations, should find its theoretical explanation in the expression of 
the rate of solid metal chloride MxCly vaporisation V given by the Hertz-Langmuir equation 
[13]: 
   
kTNm
Mp
cm
gV
yx
yxyxyx
ClM
ClMClMClM
22 2sec. π
α
=⎟⎠
⎞⎜⎝
⎛
    (28) 
 
where pMxCly is the metal chloride vapour pressure above the solid metal chloride phase given 
by the thermodynamic equilibrium,  mMxCly is the molecular mass of the metal chloride, MMxCly 
the metal chloride molecular weight, k the Boltzmann’s constant, N the Avogadro number and 
T the temperature. 
 
The parameter αMxCly is defined as representing the situation for the maximum possible 
evaporation rate resulting for a given set of environmental pressure, composition, temperature 
and flow conditions.  
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By this definition, αMxCly takes into account the evaporation of metal chlorides, but also the 
back-diffusion of the latter followed by re-condensation.  
The magnitude of this parameter for metal chloride evaporation could vary greatly. For 
example, if a scale evaporates into a very low-pressure ambient,  αMxCly may reach unity (such 
conditions prevent the return of vapour metal chloride molecules to the surface) and equation 
(28) becomes the expression of the maximum possible rate of vaporisation.  
For the development of quasi-stability diagrams static conditions were assumed, thus, only the 
effect of the ambient pressure as well as of temperature will affect the magnitude of the 
parameter αMxCly.  
Since the criterion of 10-4 bar as a limit for corrosion resistance has been used for the 
sublimation of all types of metal chlorides and for all temperatures [13], it can be assumed 
that the value of αMxCly varies only slightly from one element to the other, and that the 
temperature effect may be neglected.  
In order to verify these two assumptions, a recession criterion will be used in the following. 
Table 11 shows the calculated values of αMxCly from equation (28) for different metal chlorides 
at 800°C, assuming that a partial pressure of the metal chlorides of 10-4 bar leads to an 
evaporation rate of 1mm/year. A recession rate of 1 mm/year is taken since empirically this 
has been related to the critical vapour pressure of 10-4 for industrial corrosion resistance 
assessment procedures [13]. From Table 11 it appears that the values of αMxCly for different 
metal chlorides are of the same order of magnitude (~ 10-6).  
Thus, the first assumption that the αMxCly values are lying quite closely to each other for the 
different elements seems to be confirmed by this calculation.   
Figure 76 shows the variation of the parameter αMxCly for different metal chlorides as a 
function of temperature. Again the αMxCly values lie in the same order of magnitude (~ 10-6) 
for the whole temperature range (100°C-1000°C), which shows that also temperature 
variation will only slightly affect the value of this parameter. 
 
These calculations show that, if static conditions are assumed, the empirical criterion of 10-4   
bar used in the quasi-stability diagrams yields a good orientational line for all metal chlorides 
and for temperatures up to 1000°C. As mentioned, this critical value may correspond to a 
metal recession rate of about 1 mm/year. 
The following part presents the development of quasi-stability diagrams for zirconium and 
hafnium, these diagrams will in particular be used for the comparison of quasi-stability 
diagrams of other elements.  
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Table 11: Calculated αMxCly for different metal chlorides at 800°C assuming a metal 
recession rate of 1 mm/year 
 
Metal chloride αMxCly (x 106) 
AlCl3 5.05 
CrCl2 5.42 
CrCl3 4.66 
MoCl3 6.18 
MoCl5 4.16 
NiCl2 7.35 
FeCl2 6.59 
ZrCl4 4.68 
SiCl4 2.90 
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Figure 76: Calculated values of αMxCly between 100°C and 1000°C for several metal 
chlorides: AlCl3(g) (■), CrCl2(g) (▲), CrCl3(g) (∆), FeCl2(g) (●), FeCl3(g) (○), 
MoCl3(g) (♦), MoCl5(g) (◊), HfCl4(g) (+), ZrCl4(g) (x) 
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5.1.1.2 Development of quasi-stability diagrams for  
zirconium and hafnium 
 
The development of hafnium and zirconium quasi-stability diagrams from 500°C to 800°C 
was carried out for the present work. The same critical value of pMxCly =10-4 bar already used 
by Schwalm et al. and later by Bender et al. for the development of Al, Cr, Fe, Ni, Mo and Si 
quasi-stability diagrams, was taken.  
 
    5.1.1.2.1 Quasi-stability diagrams for hafnium 
 
After reaction with chlorine, hafnium or hafnium oxide (HfO2) may produce three 
thermodynamically stable hafnium chlorides: HfCl2, HfCl3, HfCl4. 
 
 
Thus, for each temperature, the following reactions can be written: 
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In the oxygen partial pressure range where hafnium is present as a metal only reactions 1), 2) 
and 3) will be taken into account, whereas reactions 3), 4) and 5) will be used in the hafnium 
oxide stability zone. The thermodynamic constants of these reactions were calculated for each 
temperature with HSC, thereby using the critical value of  pHfClx =10-4 bar. The result is a 
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relation between the oxygen partial pressure and the chlorine partial pressure representing the 
isothermal lines of the quasi-stability diagrams. 
 
Figure 77 depicts the quasi-stability diagrams of hafnium between 500°C and 800°C, where 
the metal stability area, the oxide stability area, and the area appear where one of the metal 
chlorides that may be produced reaches a critical partial pressure of 10-4 bar. The calculations, 
as well as quasi-stability diagrams showed that the most volatile product for each temperature  
is HfCl4. It appears from the quasi-stability diagrams that in “reducing” atmospheres the 
corrosion risk would be more critical for lower temperature, as the protective area where 
hafnium is thermodynamically stable, increases with increasing temperature. The situation is 
reversed under “oxidising” environnment, where the stability area of the hafnium oxide 
decreases slighly with increasing temperature. The same observations were made by Schwalm 
et al. and Bender et al. for the quasi-stability diagrams of Al, Cr, Fe, Ni, Mo and Si.  
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Figure 77: Quasi-stability diagrams for hafnium between 500°C and 800°C  
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    5.1.1.2.2 Quasi-stability diagrams for zirconium 
 
The reaction between zirconium or zirconium oxide (ZrO2) with chlorine may produce three 
thermodynamically stable zirconium chlorides: ZrCl2, ZrCl3, ZrCl4. 
 
For each temperature, the following reactions may be written: 
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The same method as for hafnium was used to develop zirconium quasi-stability diagrams, and 
with a critical value of pZrClx=10-4 bar above which a significant acceleration of the 
corrosion  rate is assumed.  
 
Figure 78 depicts quasi-stability diagrams of zirconium from 500°C up to 800°C. ZrCl4 was 
found to be the most volatile product for each temperature in “reducing” and “oxidising” 
environments. As it has already been mentioned for hafnium before, the stability area of 
zirconium is also increased by increasing temperature in “reducing” atmospheres, whereas the 
stability area of the zirconium oxide is decreased.  
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Figure 78: Quasi-stability diagrams for zirconium between 500°C and 800°C  
    
5.1.1.2.3 Comparison of the quasi-stability diagrams of 
different elements 
 
Quasi-stability diagrams of Al, Mo, Ni, Hf and Zr at 800°C are depicted in Figure 79, where 
the different isothermal lines above which the partial pressures of the metal chlorides or 
oxichlorides are higher than 10-4 bar are represented. Hafnium and zirconium both present a 
strong similarity with aluminium in terms of their corrosion resistance potentials, as the 
different isothermal lines delimiting their phase stability areas are very close to those of 
aluminium. Therefore, It turns out that zirconium as well hafnium in comparison with other 
elements, should offer a positive behaviour under “oxidising” conditions.  
 
Nevertheless, the quasi-stability diagrams developed by Schwalm et al. and Bender et al. as 
well as those developed for this work (zirconium and hafnium), reveal some limits for the 
assessment of the corrosion risk. These limits are presented in the following part. 
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Figure 79: Quasi-stability diagrams for Al, Mo, Ni, Hf and Zr at 800°C  
 
 
   5.1.1.3 Limitation of the quasi-stability diagrams 
 
The quasi-stability diagrams were developed by considering the formation of a dense oxide 
layer in the oxide stability field, which rarely occurs under such conditions in particular when 
moving to the left on the pO2 axis. A discrepancy between experimental and thermodynamical 
results can be observed when cracks and pores are formed in the oxide layer, as the layer 
defects enhance the chlorine transport from the process atmosphere through the oxide layer to 
the metal/oxide interface. There, the oxygen partial pressure is lower than in the process 
atmosphere, and consequently the metal chloride partial pressure is higher than in the 
surrounding environment, which makes the considered material less corrosion resistant than 
expected. 
Generally the “static” quasi-stability diagram may be used as a helpful approach in all cases 
where the gas velocities in the environment are very low or stagnant. Under operating 
conditions in industry quite often dynamic conditions can be encountered with considerable 
gas velocities where the “static” diagram comes to its limits.   
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 In this case, the values of pCl2 and pO2 at the sample surface and in the process gas (bulk 
gas) may be different, and the gas velocity may have a great influence on corrosion of the 
material. Indeed, gas velocity affects directly the metal chloride diffusion through the gas 
boundary layer formed by the gas flow, as it was often identified in many experimental 
studies [18-20]. 
Figure 80 presents a schematic of the partial pressure gradients of chlorine and of the metal 
chlorides in a “reducing” environment (the simplest case) existing between the bulk gas and 
the metal surface seperated by a gas boundary layer formed δ. Under these conditions no 
formation of oxides can occur. In this figure, pCl2S and pMxClyS represent the chlorine and 
metal chloride partial pressure on the metal surface, respectively, given by the thermodynamic 
equilibrium equation of the metal  reaction with chlorine. Whereas pCl2B and pMxClyB 
represent the chlorine and metal chloride partial pressure, respectively, in the bulk gas.  
 
 
 
Figure 80: Distribution of the chlorine and the metal chloride partial pressures between 
the metal  surface and the bulk gas in the gas boundary layer δ on the metal 
surface 
 
 
Under  “oxidising” environment, pCl2B and pMxClyB follow the same definitions. However,  
pCl2S and pMxClyS  will represent the chlorine and metal chloride partial pressures respectively 
δ 
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on the metal oxide surface and will be given  by the thermodynamic equilibrium of the metal 
oxide reaction with chlorine.  
Therefore, in the following an advanced diagram will be developed characterising also the 
situation for “dynamic” conditions 
 
5.1.2 Building the basis for a new type of diagram, the 
“dynamic” quasi-stability diagram: assessment of 
corrosion based on transport through the gas 
boundary layer 
 
As it has already been mentioned, according to the Hertz-Langmuir equation the criterion of 
10-4 bar of metal chloride partial pressure for the corrosion risk assessment under static 
conditions can actually only be used assuming the formation of a solid metal chloride phase.  
Practically, this situation rarely occurs, particularly for high temperatures where a fast 
sublimation of the metal chlorides formed is observed, so that no formation of a solid metal 
chloride phase will occur. 
 Another major problem is that this criterion does not take into account the case of  oxide 
formation under “oxidising” conditions, where the evaporation rate will be no more limited by 
the solid metal chloride sublimation but by the consumption of the oxide via the formation of 
volatile metal chlorides after reaction with chlorine.  
Therefore a more pertinent criterion has to be used, where the corrosion risk would be 
assessed by the rate of metal recession in mm/year including “reducing” and “oxidising” 
atmospheres under dynamic conditions. This criterion will enable the development of a new 
type of diagrams: the “dynamic” quasi-stability diagram based on a metal thickness loss rate 
criterion. 
 
5.1.2.1 Mass transfer of metal chlorides through the gas 
boundary layer  
 
Every material placed in a flowing gas mixture is surmounted by a boundary layer whose 
thickness δ depends on the characteristic parameters of the system: length of the surface, 
velocity and viscosity of the gas. The species responsible for the material attack, i.e. Cl2 and 
O2, as well as the corrosion product, i.e. MxCly, will diffuse through it. 
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 For a laminar gas flow the boundary layer thickness δ is given by the following equation 
(29): 
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DvL υ=δ −      (29) 
 
where L is the length of the sample in cm, υ the gas kinematic viscosity in cm2.s-1, v the gas 
velocity in cm.s-1 and DMxCly the diffusion coefficient of the metal chloride in the gas phase in 
cm2.s-1. 
 
The mass transfer coefficient hMxCly in cm.s-1 of the metal chloride in the gas phase, defined as 
the ratio between the diffusion coefficient and the boundary layer thickness, may be written 
considering laminar flow as follows: 
 
   
2
1
6
1
3
2
M   
D
 0.664 x ⎟⎠
⎞⎜⎝
⎛
υ
=
L
vh y
yx
Cl
ClM      (30) 
 
Figure 81 depicts the influence of the gas velocity on the boundary layer thickness, 
considering the example of gaseous nickel chloride, with the lab test gas velocity line (v = 
0.75 cm.s-1, in lab tests usually low flow rates will be present ). This line may represent the 
lowest gas velocity value that is met practically, and thus the maximum boundary layer 
thickness. At the same time the situation characterised by “lab conditions” corresponds to gas 
velocity values at and below which the “static” quasi-stability diagrams may become 
meaningful. For this example calculation,  a laboratory sample dimension was taken, exposed 
in a pure chlorine atmosphere at 800°C. The value of the NiCl2 diffusion coefficient was taken 
from [17]. 
The mass transfer of the metal chloride through the boundary layer increases with increasing 
gas velocity, as it is shown by Figure 82, considering e.g. the mass transfer coefficient hNiCl2 
of the nickel chlorides. This means, that for a higher gas flow rate, the mass transfer of the 
evaporated metal chlorides will be faster, the boundary layer thickness thinner, and the 
corrosion rate will thus be increased. 
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Figure 81: Boundary layer thickness for nickel chloride as a function of the gas velocity  
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Figure 82: Mass transfer of  nickel chlorides as a function of the gas velocity  
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5.1.2.2 Expression of  the gas flow: The Fick’s laws 
 
The metal chloride flow JMxCly as well as the chlorine flow JCl2 in the gas phase, can be 
calculated from the gradients shown in Figure 80, using the first Fick’s law as will be shown 
in the following. 
The first Fick’s law assumes that the flow through a layer dx of each species i is proportional 
to the gradient of the concentration Ci of this species and given by the following equation 
(31):  
    x
C
 i∂
∂−= DJi        (31) 
 
where D is the diffusion coefficient in cm2.s-1 
 
The second Fick’s law ensures the conservation of matter and is given by:  
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Using the ideal gas equations (31) and (32) lead to:  
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For solving equations (33) and (34) in order to obtain the flow of chlorine or metal chloride 
through the gas boundary layer during exposure, 3 main assumptions have to be made: 
 
 - The diffusion of the volatile metal chlorides and of chlorine is governed by a steady-
 state, so that the partial pressure of the different metal chlorides and of chlorine in 
 each point of the boundary layer are the same at all times 
 
 - Only the diffusion of the species through the gas boundary layer is considered as rate 
 determining, which neglects the diffusion through the solid phases (metal chloride or 
 metal oxide) 
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 -The metal chloride partial pressure in the bulk gas is negligible. 
 
Thus, considering that the metal surface is equivalent to  x=0 and according to the scheme 
shown by Figure 80, the following boundary conditions can be written 
 
pCl2(0)=pCl2s  and  pCl2(δ)=pCl2B,    pMxCly(0)=pMxClyS  and   pMxCly(δ)=pMxClyB 
 
Finally, the solutions of equation (34) applied to chlorine and metal chloride are: 
 
( ) SSB pClxpClpClxpCl 2222 +⎟⎟⎠
⎞
⎜⎜⎝
⎛
δ
−=   (35)  
 and  
( ) Syx
S
yx
yx ClpMx
ClpM
xClpM +⎟⎟⎠
⎞
⎜⎜⎝
⎛
δ
−=    (36) 
 
Combining equations (35) and (36) with equation (33) leads to the chlorine and the metal 
chloride flow expressed in g.cm-2.s-1 through the gas boundary layer as follows:  
 
 ( )BSClBSClCl pClpClRTMhpClpClRTMDJ 2222 222 −=⎟⎟⎠
⎞
⎜⎜⎝
⎛
δ
−=      (37) 
and  
 ( )SyxClMSyxClMClM ClpMRTMhClpMRTMDJ yxyxyx =⎟⎟⎠
⎞
⎜⎜⎝
⎛
δ=      (38) 
 
These two solutions obtained from the Fick’s laws will be used later for the evaluation of the 
rate of mass loss.  
 
 
 
 
 
 
5. Discussion 
 
114 
5.1.3 Development of “dynamic” quasi-stability  
diagrams  
 
The development of “dynamic” quasi-stabilty diagrams has already been initiated by Doublet 
[17] for Al, Mo, Ni, Fe and Cr. No comparison with the “static” quasi-stability diagram 
approach, as well as no kinetics investigations on the metal evaporation rate, to validate the 
diagrams, were however offered in this work.  
 
Thus, here the “dynamic” quasi-stability diagrams of Al,Mo,Ni, Zr and Hf, were developed 
and compared with the kinetics results. An improvement of the “dynamic” quasi-stability 
diagram approach will be then offered for diagrams where a significant discrepancy between 
the newly developed diagram predictions and the kinetics measurements may be observed.  
A comparison of the “dynamic” quasi-stability approach with the recent concept of “static” 
quasi-stability diagram, in terms of corrosion risk assessment, will be offered in the following. 
 
   5.1.3.1 “Dynamic” quasi-stability diagrams  
 
    5.1.3.1.1 Four ranges for the corrosion in Cl2/O2 
 
When a material is exposed to an oxygen containing atmosphere, two situations can occur 
depending on the pO2 value at the metal/gas interface: the formation of an oxide layer takes 
place or no oxide layer is being formed.  
The limit value of pO2 above which oxide formation is thermodynamically possible is the 
oxide dissociation pressure and can be evaluated from the reaction constant of the reaction of 
metal with oxygen. This pO2 will be denoted for the further discussion as pO2eq. It increases 
with temperature due to an increase of metal stability with temperature.  
Thus, based on this value, two ranges are defined for the further discussion of Cl2/O2 
atmospheres: a reducing range where metal is the stable phase and an oxidising range where 
metal oxides are the stable phases (for some species, i.e. Mo, several oxides can be formed).  
Following the O2 and Cl2 diffusion through the boundary layer and the formation or not 
formation of an oxide layer, Cl2 reacts with the material to form metal chlorides. Depending 
on the Cl2 content and temperature a solid metal chloride layer can be formed. More severe 
chlorine corrosion occurs in the case of evaporation of volatile metal chlorides: this causes a 
rapid mass loss of the material and impairs the protective effect of the oxide scale formed. 
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These metal chlorides can have high partial pressures (pMxCly) even at low temperatures (see 
Figure 6). pMxCly increases with temperature and increasing pCl2. Of course, when the Cl2 
contents are sufficient to form a solid metal chlorine layer, pMxCly does not increase any 
further with pCl2, and reaches a maximum value equal to the saturation vapour pressure of the 
metal chloride (see Figure 6).   
In the following for the oxidising range oxide formation and Cl2 attack of the material are 
dealt with separately to facilitate the understanding of this corrosion process. In reality these 
two reactions happen simultaneously. Nevertheless after a short time, the metal is covered by 
an oxide layer, and Cl2 can also attack the oxide layer formed. It is obvious that the situation 
is different for the reducing range (i.e. below pO2eq) since only Cl2 plays a role in corrosion; 
there the pO2 is too low to form an oxide layer, and consequently the diffusion kinetics of O2 
has no influence. 
In the oxidising range, the oxide layers formed are rarely perfect, i.e. compact and 
impermeable. Consequently Cl2 is able to diffuse through these layers toward the metal/oxide 
interface and to directly react with the metal. Metal chlorides formed at this interface can 
evaporate and react again with the oxygen present in the surrounding gas to form metal 
oxides. This mechanism well known as “active-oxidation” leads to catastrophic corrosion. 
The probability to form a perfect layer without cracks and pores increases with increasing 
oxygen partial pressure, which means that above a specific oxygen partial pressure the 
“active- oxidation” mechanism may no longer occur and may be replaced by a direct attack of 
the oxide layer by Cl2, as mentioned above.  
In this case, the oxidising range can be divided into 3 subranges depending on the pO2 of the 
atmosphere. Between pO2eq and pO2ox the oxygen content would be sufficient to form an 
oxide scale in chlorine free environments, but due to the presence of chlorine the pO2 is not 
sufficient to form oxide since the selective reaction of chlorine with the metal will prevail. 
Above a “self healing” pO2, noted pO2sh, the pO2 present in the process atmosphere is 
sufficient to allow the formation and the maintenance of an impermeable oxide layer. This 
pO2sh is usually very high, and for this reason this subrange is called “strongly-oxidising 
range”. In this range, Cl2 attacks only the oxide layer. Below pO2sh, the oxide layer contains 
cracks and pores, allowing the diffusion of Cl2 through it. In this range Cl2 is able to react 
directly with the oxide layer and, after diffusing through it, with the metal underneath it, 
leading to strong corrosion by the “active-oxidation” process. This range is called 
“intermediary-oxidising range”. 
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Thus, a Cl2/O2 environment may be divided into 4 main ranges according to the oxygen 
partial pressure of the environment. These ranges are summarized as follows, and illustrated 
in Figure 83: 
 
1• reducing range (for pO2 lower than pO2eq): in this range, metal oxide does not form. 
The corrosion process is characterised only by a direct attack of the metal by Cl2. This range 
is the least complex in the quasi-stability diagrams 
 
2•  a low-oxidising range (for pO2 between pO2eq and pO2ox): in this range a selective 
reaction of chlorine with the metal is observed, no oxide formation will occur  
 
3• an intermediary-oxidising range (for pO2 between pO2ox and pO2sh): in this range, the 
corrosion process is characterised mainly by the active oxidation process, i.e. complex 
corrosion. The oxide layer contains cracks and pores. The development of diagrams including 
this range will be difficult due to the complexity of the corrosion mechanisms which are 
involved 
4• a strongly-oxidising range (for pO2 above pO2sh): in this range, pO2 is sufficient to 
allow the formation of an impermeable oxide layer. The corrosion process is characterised by 
a direct attack of the oxide layer by Cl2. However pO2sh seems to be difficult to evaluate and 
has to be determined for each material. For this reason, pO2sh will be considered to be reached 
when the oxygen diffusion flow is twice as high as the chlorine diffusion flow leading to a 
strong oxidation in comparison with the chlorination.  This assumption seems to be 
reasonable since the transport coefficients follow the relation [17]:  
 
    22 2 ClO hh ≈       (39) 
 
Thus, pO2sh may be assessed by the following equation:  
 
   lClO kJJ 22 22 −==      (40) 
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Considering the evaporation rate of metal chlorides as one of the limiting steps of the 
corrosion rate (as it was assumed in [19] and in [80-81]), leads to the following expression of 
pO2sh:  
 
   S
O
l
sh pOMh
RTk
pO 22
2
2 +=       (41) 
 
 
Figure 83:  The four main types of metal corrosion by a Cl2/O2 mixture at high temperature 
as a function of the pO2 content of the process gas. These 4 ranges are 
separated by pO2eq, pO2ox, and pO2sh as defined in the text.  
 
    5.1.3.1.2 Gas diffusion coefficients  
 
For the development of “dynamic”quasi stabilty diagrams, gas diffusion coefficients as well 
as kinematik viscosities of chlorine and metal chlorides have to be estimated to assess the 
mass transfer coefficients h of these species.  
In [17], diffusion coefficients of several metal chlorides were estimated,  such calculations 
were however not carried out for zirconium chlorides and hafnium chlorides.  
As gas diffusion coefficients of ZrCl2, ZrCl3, ZrCl4, HfCl2, HfCl3 and HfCl4, are needed for 
the mass transfer coefficients used for the development of the “dynamic” quasi-stability 
diagrams, calculations for theses species were carried out using the method widely detailed in 
[17].   
1 2 3 4 
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5.1.3.1.3 Principles of the "dynamic" quasi-stability diagram 
development 
 
For the development of these diagrams, it is assumed according to Fruehan [19] and 
McNallan [80-81], that the evaporation rate constant kl of a metal via metal chlorides, is 
mainly controlled by chlorine and metal chloride mass transfer through the gas boundary 
layer. Fruehan in “reducing “ conditions, and later McNallan under “oxidising” conditions, 
obtained very good agreement by this assumption between measured evaporation rate 
constants and calculated evaporation rate constants for nickel and cobalt. 
 
Thus, the process of evaporation of a metal into many different metal chlorides MxCly may be 
written as follows:   
 
   yxClMCll JJkdt
dm
A ∑−==−= 21     (42) 
 
where m is the metal mass in g and A the metal surface in cm2. kl expressed here in g.cm-2.s-1 
represents, after division by metal density, the metal recession in mm/year and constitutes the 
criterion for the diagram development. 
 
In the case of the formation of a dense and stable oxide scale, the same equation as equation 
(7) can be used to describe the evaporation rate of this oxide scale. However the metal 
chloride flux will be assessed with the metal chloride partial pressure pMxClyS  from the 
thermodynamic equilibrium of the oxide reaction with chlorine.     
For the present work, and as it has already been supposed by Fruehan and McNallan, the 
oxygen gradient in the gas boundary layer is neglected, so that pO2=pO2S =pO2B. This 
assumption was mainly verified in [17] by calculation of the gas diffusion coefficients of 
chlorine and oxygen. Oxygen had for each temperature a diffusion coefficient almost twice as 
high as the chlorine diffusion coefficient, which leads to a significant reduction of its gradient 
in the gas boundary layer.  
 
 
 
 
 
5. Discussion 
 
119 
    5.1.3.1.4 “Dynamic” quasi-stability diagrams for hafnium 
 
As mentioned before, hafnium may form three stable hafnium chlorides given by the reactions 
developed in 5.1.1.2.1.  
Thus, according to equations (37), (38) and  (42), under “reducing” and “oxidising” 
conditions, the following equations describing the evaporation rate of hafnium may be 
written: 
 
 ( )SBCll pClpClRTMhk 222 −=         (43) 
 
)()()( 432 432
SHfClSHfClSHfCl
l pHfClRT
Mh
pHfCl
RT
Mh
pHfCl
RT
Mh
k ++=    (44) 
 
With the reaction constants developed in 5.1.1.2.1, equation (44) can be written as follows:  
 
“Reducing” conditions:  
2
23
2
3
2221 )()()( 432
SHfClSHfClSHfCl
l pClKRT
Mh
pClK
RT
Mh
pClK
RT
Mh
k ++=                (45)
     
“Oxidising” conditions:  
2
2
4
6
2
2
3
2
5
2
2
4
)()( 432
pO
pClK
RT
Mh
pO
pClK
RT
Mh
pO
pClK
RT
Mh
k
S
HfCl
S
HfCl
S
HfCl
l ++⎟⎟⎠
⎞
⎜⎜⎝
⎛=     (46) 
 
Solving the linear system of equations (43) and (45) for “reducing” conditions and of 
equations (43) and (46) for “oxidising” conditions with dichotomy techniques, one obtains an 
expression of pCl2B as a function of pO2, which represents the isothermal line of the 
“dynamic” quasi-stability diagram.  
For these calculations, the evaporation rate kl is fixed and defined as a criterion separating a 
critical and a non-critical case. Thus, above the isothermal line a higher evaporation rate than 
the fixed criterion has to be expected.  
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Figure 84 depicts the “dynamic” quasi-stability diagrams of hafnium between 500°C and 
800°C, for a plate of 1.5 cm long at a gas velocity of 0.75 cm/s, and for the often used 
criterion of kl=1mm/year thickness loss rate. Thus, for each temperature, above the isothermal 
lines, a critical thickness loss rate higher than 1 mm/year has to be expected. 
In the “ reducing” range, no difference between isothermal line locations, delimiting the 
protective area (below the lines) and the non-protective area,  may be noticed, at least for the 
temperature range of the present investigations. In this range of oxygen content, only  
reactions between  hafnium and chlorine to form hafnium chlorides are thermodynamically 
considered. Thus, as  all these reactions have very high and similar reaction constants in this 
temperature range, the same behaviour may be observed. The chlorine partial pressure has to 
be very low to obtain a protective situation, i.e. a metal recession equal or lower than 1 
mm/year.  
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Figure 84: “Dynamic” quasi-stability diagrams for hafnium between 500°C and 800°C 
 
In the “oxidising” range,  for each temperature,  protection of hafnium is increased 
significantly with increasing oxygen partial pressure. This can be clearly explained by an 
increase of the probability to form a protective hafnium oxide scale with increasing oxygen 
level (pO2 trend toward pO2sh). Due to a higher thermodynamic stability in the presence of 
chlorine in comparison to the metal, evaporation of an oxide via the formation of metal 
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chlorides, and thus the metal recession, is significantly retarded.  Nevertheless, an increase of 
the temperature increases the mass transfer of species through the gas boundary layer as well 
as metal chloride thermodynamic stabilities, and consequently reduces the protective area as it 
may be observed in Figure 84.  
 
    5.1.3.1.5 “Dynamic” quasi-stability diagrams for zirconium 
 
Zirconium may also form three stable zirconium chlorides given by the reactions developed in 
5.1.1.2.2.  
Thus, the following equations system describing the evaporation rate of zirconium may be 
written: 
 
 ( )SBCll pClpClRTMhk 222 −=         (47) 
 
)()()( 432 432
SZrClSZrClSZrCl
l pZrClRT
Mh
pZrCl
RT
Mh
pZrCl
RT
Mh
k ++=    (48) 
 
From the reaction constants developed in 5.1.1.2.2, equation (48) can be written as follows:  
 
“Reducing” conditions:  
2
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3
2221 )()()( 432
SZrClSZrClSZrCl
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RT
Mh
k ++=                (49)
  
“Oxidising” conditions:  
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RT
Mh
pO
pClK
RT
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ZrCl
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ZrCl
S
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⎞
⎜⎜⎝
⎛=     (50) 
 
A dichotomy technique was also used to solve the linear equation systems in “reducing” and 
“oxidising” conditions, leading to the expression of pCl2B  as a function of pO2.  
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Figure 85 depicts “dynamic” quasi-stability diagrams of zirconium between 500°C and 
800°C, for the same sample geometry, gas velocity and criterion kl (1 mm/year) as hafnium. 
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Figure 85: “Dynamic” quasi-stability diagrams for zirconium between 500°C and 800°C 
 
Zirconium “dynamic” quasi-stability diagrams are similar to those of hafnium: no difference 
of the isothermal line locations in this temperature range for low oxygen partial pressures, 
increase of zirconium stability with increasing oxygen partial pressure.  
In the “oxidising” range, protective areas where a thickness loss lower or equal to 1 mm/year 
is expected, are however larger than those of hafnium. This means that zirconium should offer 
a better resistance against chlorine attack in “reducing” and “oxidising” environments.  
 
5.1.3.1.6 Comparison of the different "dynamic" quasi-
stability diagrams developed for different 
elements 
 
To make a comparison with zirconium and hafnium, the Al, Ni, Mo diagrams were used 
taking the same parameters: same geometry, same gas velocity and same criterion kl (1 
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mm/year). The equations used for the diagram development of these elements have already 
been detailed  in [17]. 
Figure 86 depicts “dynamic” quasi-stability diagrams for Al, Mo, Ni, Hf, and Zr  at 800°C. 
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Figure 86: “Dynamic” quasi-stability diagrams for Al, Ni, Zr, Mo and Hf at 800°C 
 
Among the heavy metals, zirconium seems to offer the best protection in “oxidising” 
atmospheres, whereas molybdenum is better for “reducing” environments.  
The zirconium and hafnium “dynamic” quasi-stability diagrams present some similarities with 
that for aluminium in terms of the predicted corrosion resistance potential. However, under 
“reducing” conditions hafnium seems to offer the least resistance potential.  
In the “oxidising” range, the protective areas of hafnium and zirconium are smaller than those 
of aluminium, due to the higher thermodynamic stability of alumina in the presence of 
chlorine compared to HfO2 or ZrO2.  
 
5.1.3.2 Comparison between the “static” quasi-stability 
diagram and the “dynamic” quasi-stability 
diagram approach 
 
In the present part, a comparison between the “static” quasi-stability diagrams and the 
“dynamic” quasi-stability diagrams for corrosion risk assessment is performed. To enable a 
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comparison between these approachs, and thus to highlight the effect of the gas velocity, it is 
necessary to assume the same boundary conditions.  
The “dynamic” quasi-stabilty diagrams are based on the limitation of the metal evaporation 
rate via metal chloride formation by diffusion of chlorine or metal chlorides through the gas 
boundary layer. This situation represents an equilibrium between the flow of products and 
reactants resulting by the chlorine and metal chlorides gradients.  
However, for the “static” quasi-stability diagrams even if the effect of gas flow on the 
corrosion rate is not taken into account, the limiting step is supposed to be the fast 
evaporation of the metal chlorides formed.  
For this reason, to enable a comparison between “static” quasi-stability diagrams and 
“dynamic” quasi-stability diagrams, the chlorine partial pressure gradient considered for the 
latter has to be neglected. Thus, in the dynamic case the rate limiting step would be the 
diffusion of evaporated metal chlorides through the gas boundary layer, and in the static case, 
evaporation of the metal chlorides.   
Nickel was choosen here to make an extensive comparison as it revealed the most pronounced 
difference between the two approaches.  
 
Ni forms one nickel chloride: NiCl2.  
 
The following reaction equations may thus be written:  
 
1) )()( 22 gNiClgClNi =+     
2
2
1 pCl
pNiCl
K =  
2) )(
2
1)()( 222 gOgNiClgClNiO +=+   
2
2
1
22
2 pCl
pOpNiCl
K =  
 
Thus, as  pCl2=pCl2S =pCl2B (no gradient), equation (42) applied to nickel gives:  
 
“Reducing” conditions:  
SNiClSNiCl
l pClKRT
Mh
pNiCl
RT
Mh
k 212 22 )( ==
       (51) 
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“Oxidising” conditions:  
2
1
2
2
22
22 )(
pO
pClK
RT
Mh
pNiCl
RT
Mh
k
S
NiClSNiCl
l ==        (52) 
 
By solving equations (51) and (52), one obtains a relation between pO2 and pCl2 in the 
“reducing” and “oxidising” range.  
Figure 87 depicts the “static” quasi-stability diagram, and the “dynamic” quasi-stability 
diagrams for different gas velocities under laminar flow, at 800°C. For the dynamic case, the 
same parameters as in the previously calculated diagrams were taken.  
In this figure it appears clearly that the gas flow leads to a decrease of the material resistance, 
as the protective zone is reduced. An increase of the gas velocity leads to a higher mass 
transfer, as it may be concluded from equation (30),  of the products through the gas boundary 
layer, and accelerates thus the corrosion rate as it may be oberved in Figure 87.  
 
Figure 88 represents different metal chloride partial pressures corresponding to a thickness 
loss of kl = 1mm/year. These partial pressures were calculated considering equation (42) for 
each metal chloride MxCly, which leads to equation (53):  
 
   
yxClM
lS
yxyx Mh
RTkClpMClpM ==      (53) 
 
As it has already been explained the mass transfer given by equation (30), and thus the 
evaporation rate,  incorrectly predict a mass loss of zero at a flow rate of zero.  
For this reason, in Figure 88 the criteria of the “static” and the “dynamic” quasi-stability 
diagram have been combined in one plot. Assuming that the static criterion describes the 
situation at very low gas velocities the dynamic criterion that for “measurable” gas velocities, 
it turns out that the lines for the two criteria cross at a gas velocity of around 10-4 cm.s-1. This 
appears to be reasonable as this value would truly separate the static gas flow conditions from 
those where “measurable” gas flow occurs. At the same time this illustrates that the gas 
velocity may play a significant role already at relatively low flow rates which is in agreement 
with observations in laboratory tests [18-20]. Figure 88 furthermore shows that this 
observation is virtually independent of the metal chloride species present due to the criterion 
used for establishing the quasi-stability diagrams. A strong influence is found for the gas 
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velocity which can lower the critical metal chloride partial pressure as a limit criterion from 
10-4  bar under static conditions to something like 10-8 bar at the speed of sound (the latter may 
be regarded as an upper limit for gas velocities in conventional technical plants and for 
turbulent flow).  
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Figure 87: “Static” quasi-stability diagram and “dynamic” quasi-stability diagrams for 
nickel at different gas velocities at 800°C 
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Figure 88: Example of the metal chloride partial pressures corresponding to 1 mm/year as 
a  function of the gas velocity at 800°C: transition between static and  dynamic 
conditions 
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5.1.3.3 “Dynamic” quasi-stability diagrams and results  
from kinetics investigations of pure elements 
 
In the present part, a comparison between kinetics measurements of pure elements at 800°C  
carried out for the present work and “dynamic” quasi-stability diagram predictions is offered.  
Thus, corresponding data in g.cm-2.s-1 summarized in Table 7 were converted into mm/year 
considering the metal densities. For each element, one obtains a thickness loss in mm/year for 
a given chlorine partial pressure and a given oxygen partial pressure (given by the 
experimental conditions). In order to compare this thickness loss with the diagram prediction 
for  the same temperature, the corresponding oxygen and chlorine partial pressure limit 
leading to a 1 mm/year value of thickness loss has to be calculated.  
Figure 89 presents “dynamic” quasi-stability diagrams and experimental results from kinetics 
investigations for Ni, Mo, Hf, Zr, at 800°C.  
For molybdenum and hafnium, the agreement between experimental results and predictions is 
rather satisfactory, at least in the experimental pCl2-pO2 range. The experimental values 
follow the same trends as those predicted by the “dynamic” quasi-stability diagram.  
 For hafnium the experimental results give pCl2B limit values (where a thickness loss equal or 
higher than 1 mm/year has to be expected) slightly lower than those obtained by the diagram 
predictions, as no formation of a dense HfO2 occurred.  
Zirconium also reveals a relatively statisfactory agreement. However, as the formation of a 
stable and compact zirconium oxide scale, as it was expected from the “dynamic” quasi-
stability diagram for the present oxygen partial pressure range, did not occur, the measured 
evaporation rate is higher than what might be theoretically expected.  
Nickel reveals a corrosion rate surprisingly lower than what the “dynamic” quasi-stabilty 
diagram predicts. Figure 89 shows that this element needs experimentally a higher chlorine 
partial pressure than the limit values obtained by the newly developed diagram, to reach 1 
mm/year of thickness loss rate. In the present case, the chlorine partial pressure was high 
enough to enable the formation of a solid nickel chloride scale which increases significantly 
the material protection.  
The same behaviour was oberved by Hauffe for nickel [60] under chlorine environments, and 
Fruehan [18] for iron under HCl atmospheres. They observed that for high chlorine partial 
pressure, or a high HCl partial pressure, nickel or iron evaporation rate reaches a maximum 
value, even at high temperature. 
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Figure 89: “Dynamic” quasi-stability diagrams at 800°C and experimental results from 
  kinetics investigations for Ni (□), Mo (▼), Hf (●) and Zr (■) 
 
 
This was explained by the formation of solid NiCl2 or FeCl2, the evaporation rate was no 
more limited by species mass transfer through the gas boundary layer (as it is assumed for the 
development of the present diagrams), but by the rate of evaporation of solid chlorides 
formed, independant of the chlorine partial pressure.  
 Therefore, to improve our diagram predictions for nickel, a development of a new empirical 
expression of the evaporation rate kl as a function of pCl2B and pCl2S for the case of a solid 
chlorides formation has to be carried out.  
 
5.1.3.4 Development of an evaporation rate expression 
involving a limit value 
 
A new  empirical expression of the evaporation rate kl was developed using kinetics data from 
Hauffe for nickel at 800°C [60]. Indeed, as it has already been shown, nickel presented a 
surprising disagreement with the theoretical predictions. This new expression will improve 
the model used until now and will lead to a better agreement.  However, even if this 
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improvement were based only  on nickel data, it can be applied, for all elements able to form 
solid metal chlorides at high temperature.  
 
Hauffe studied the nickel (99.99 at%) evaporation rate constants as a function of the chlorine 
partial pressure at 800°C,  for a gas velocity of 0.16 cm.s-1 and for a 2 cm sample length. 
Hauffe observed that the evaporation of nickel into nickel chlorides increases linearly with the 
chlorine partial pressure for low chlorine partial pressure, and reaches a maximum for a 
specific high pCl2 limit value. It was concluded that above this pCl2 value a thick solid nickel 
chloride NiCl2 scale formed, and the evaporation rate of nickel was under these conditions 
limited by the evaporation of this scale independant of pCl2. 
Figure 90 depicts the measured  evaporation rate constants kl as a function of pCl2, this 
function is linear for low chlorine partial pressures and becomes a constant for high chlorine 
partial pressure. Equation (43) obtained after the Fick’s laws may not be able to explain such 
observation, as kl seems to be only proportional to pCl2B (which corresponds to the defined 
pCl2 reported in Figure 90, representing also the bulk gas chlorine partial pressure).  
Thus, in the present case, after the experimental data presented in Figure 90, the mathematical 
form of the new expression has to be as follows:  
 
   ( )[ ]BAxkk ml +−−= exp1       (54) 
 
where x would represent pCl2B, km the maximum evaporation rate, A and B parameters which 
have to be determined.   
 
This expression has to meet equation (43) for low pCl2B (or here low x values), as it was 
experimentally observed.  
 
Thus, considering the taylor series of an exponential function: 
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     (55) 
the  following approximation : xx +≈ 1)exp(  for low x values may be used, and equation 
(54) can be written as follows:  
 
                                     [ ] ( )BAxkBAxkk mml −=+−−= )1(1       (56) 
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Figure 90: Evaporation rate constants kl of nickel as a function of the chlorine partial 
pressure at 800°C, data from [60] 
 
 
and as x = pCl2B, equation (56) gives: 
 
                                [ ] ( )BApClkBApClkk BmBml −=+−−= 22 )1(1    (57) 
 
As it was mentioned above, for low pCl2B, the solution of the  Fick equations (equation (43))    
is also valid, thus the following equality may be written:  
  
   ( ) ( )SBclBml pClpClRTMhBApClkk 222 2 −=−=    (58) 
 
Equation (58) leads to the following expression of the parameters A and B :  
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Therefore, using these results, the new empirical expression of the evaporation rate as a 
function of the chlorine partial pressure in the bulk gas pCl2B may be written as follows:  
 
    ( ) ⎪⎭⎪⎬
⎫
⎪⎩
⎪⎨⎧ ⎥⎦
⎤⎢⎣
⎡ −−−= SB
m
Cl
ml pClpClRTk
Mh
kk 222exp1   (61) 
 
As the maximum rate is given by the evaporation of solid metal chlorides, km can theoretically 
be evaluated through the Hertz-Langmuir equation, which gives the maximal evaporation rate 
of a solid metal chloride scale as a function of the vapour pressure pMxCly:  
 
    
kTNm
Mp
k
yx
yxyxyx
ClM
ClMClMClM
m 22π
α
=     (62) 
 
In other words, equation (61) is valid for a given  value of αMxCly equal to the fraction of the 
maximum possible evaporation rate, and calculated from the maximum evaporation rate 
experimentally obtained (see Figure 90: kl ~12.5 x 10-6 g.cm-2.s-1).  
The value of αMxCly has already been determined for static conditions for solid nickel chloride 
evaporation (αNICl2 =7.35 x 10-6) in the theoretical approach of the quasi-stability diagrams. 
However under dynamic conditions (for Hauffe‘s experimental conditions) the maximum 
fraction of evaporation is increased and  this value should be higher. After calculation, a value 
of αNiCl2 = 1.25 x 10-5  was found for such conditions, which seems to be consistent, as it is 
about twice as high as the value under static conditions.  
Another problem which has to be solved here, is  the assessment of the mass transfer 
coefficient hCl2. Indeed, until now, only diffusion of Cl2 through the gas boundary layer was 
considered.  
In the case of solid metal chloride scale formation, as illustrated by Figure 91, chlorine has to 
diffuse through the gas boundary layer, but also through pores and cracks in the metal 
chloride scale formed, to reach the metal .  
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Gas boundary layer 
 
 
 
   
 
Figure 91: Diffusion of chlorine and volatile metal chlorides through the gas boundary 
layer δ and a solid metal chloride scale e  
   
 
Therefore the mass transfer coefficient h’Cl2 in the case of a solid metal chloride scale may be 
written as follows:  
 
    
δ+θ= e
D
h ClCl 22'       (63) 
 
where e is the solid metal chloride thickness in cm, δ is the gas boundary layer thickness in 
cm and θ (>1) is a correction factor which take into account the fact that the diffusion of 
chlorine in the metal chloride scale is retarded.  
 
Thus, as hCl2 (calculated for the “dynamic” quasi-stability diagrams) takes only the diffusion 
of chlorine through the gas boundary layer thickness δ into account (in this case e=0), h’Cl2  
will have a lower value than hCl2 . 
 
Figure 92 compares evaporation rate constants measured in [60], with predicted evaporation 
rate constants from the solution of the Fick equations (equation (43)), and from the new 
empirical expression of kl (equation (61)). Equation (43) seems to offer quite a good 
agreement with the measured data for low pCl2 values.  However, above a specific pCl2 limit 
value this agreement is no longer existing. In return, values obtained by the new expression 
developed (equation (61)) present a good agreement with what was experimentally observed 
in the whole pCl2 range.   
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Results shown in  Figure 92  may be also explained from a kinetics point of view. Indeed, if 
one considers that kd represents the evaporation rate predicted by the Fick equations 
(evaporation limited by a gas diffusion process through the gas boundary layer), equation (61) 
may be written as follows when using equation (43):  
 
    
⎭⎬
⎫
⎩⎨
⎧
⎟⎟⎠
⎞
⎜⎜⎝
⎛−−=
m
d
ml k
kkk exp1      (64) 
 
If kd is very small in comparison to km, in other words, if the diffusion process leads to an 
evaporation rate very far from the maximal value km, than ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −≈−
m
d
m
d
k
k
k
k 1)exp(  after taylor 
series.  
 
And thus,  
     dl kk =       (65) 
 
Equation (65) may explain what is observed in Figure 92, i.e., for low pCl2, or when kd is 
significantly far away from the maximum evaporation rate, the solution of the Fick equations 
as well as the new expression developed are consistent with the experimental results.  
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Figure 92: Evaporation rate constants kl as a function of the chlorine partial pressure at 
800°C: experimental data from [60] (▼), modelling with equation (43) (■■■),  
modelling with the new empirical equation (61) () 
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Substituting equation (43) by equation (61), an improved “dynamic” quasi-stability diagrams 
for nickel at 800°C may be developed.  
 
The development of an improved “dynamic” quasi-stability diagram for nickel at 800°C needs 
the solution of the following system of equations:  
 
 ( ) ⎪⎭⎪⎬
⎫
⎪⎩
⎪⎨⎧ ⎥⎦
⎤⎢⎣
⎡ −−−= SB
m
Cl
ml pClpClRTk
Mh
kk 222exp1      (66)
 ( )SNiCll pNiClRTMhk 22=         (67) 
 
 
Figure 93 depicts the dynamic quasi-stability diagram and the improved “dynamic” quasi-
stability diagram of nickel at 800°C. In the same graph, a comparison with kinetics 
measurements carried out for the present work is made.  
The improved “dynamic” quasi-stability diagram predicted a higher resistance of nickel in 
chlorine environments under  “reducing” and “oxidising” conditions than the “dynamic” 
quasi-stability diagrams, as the isothermal line is shifted upwards. This higher resistance is 
explained by the possibility of nickel to form a solid metal chloride scale. Thus, a quite good 
agreement is observed between experimental investigations (data from the present work) and 
the new improved “dynamic” quasi-stability diagram for nickel.  
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Figure 93: “Dynamic” quasi-stability diagram for nickel at 800°C (■■■), improved 
“dynamic” quasi-stability diagram for nickel at 800°C (), in comparison with 
experimental kinetics measurements of the present work (▼) at 800°C 
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5.1.4 Further refinement of the “dynamic” quasi-
stability diagrams: four ranges of the oxygen 
partial pressure 
 
The subdivision of the Cl2/O2 environment presented before appear in the “dynamic” quasi-
stability diagrams for elements such as Al, Zr or Hf, which are able to initiate the well-known 
“active-oxidation”. 
As an example, Figure 94 depicts the “dynamic” quasi-stability diagram for aluminium at 
800°C, for the same sample geometry and gas velocity as used for the previous calculations. 
In this graph the four ranges are represented as well as the calculated value of pO2sh for this 
element. Below the solid balck line a corrosion rate lower than 1 mm/year has to be expected. 
In the hatched zone, even if the “dynamic” quasi-stability diagram predicts a corrosion rate 
lower than 1 mm/year, the possible initiation of the “active-oxidation” mechanism and the 
oxide porosity formed can lead to a more critical attack. In this case chlorine may diffuse 
through the oxide scale formed and react directly with the metal.  
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Figure 94: “Dynamic” quasi-stability diagram of Al at 800°C. Four ranges of the 
corrosion process. Below the solid black line, the corrosion rate is less than 1 
mm/year and in the hatched zone the corrosion rate may be higher than 1 
mm/year due to the “active-oxidation” process initiation 
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5.2 General discussion of the alloying behaviour 
of elements and the predictions by the newly 
developed diagram  
 
In the present part, a discussion of the predictions by the new “dynamic” quasi-stability 
diagrams and of the behaviour of elements in the main phases of the NiAlMo bulk alloys is 
performed. For this reason, the results from EPMA analysis of Ni, Al, Mo and Zr in alloy L2 
and alloy L4 after exposure under two test atmospheres (“reducing” and “oxidising” 
conditions) are compared with the new corrosion risk assessment diagrams.  
 
5.2.1 Nickel and aluminium behaviour in NiAlMo alloys 
 
Both test atmospheres chosen here are located below the aluminium isothermal line, where an 
evaporation rate of aluminium equal or lower than 1mm/year is expected (Figure 95). 
 Under the “reducing” test atmsophere (+) which is below the pO2sh value for aluminium, a 
strong depletion of aluminium of 166 µm from the β-NiAl phase was observed after 30 h 
exposure time. Such depletion would lead to an evaporation rate of aluminium of 49 mm/year, 
which is significantly higher than what is predicted by “dynamic” quasi-stability diagrams. 
However, this atmosphere is clearly located in the zone where “active-oxidation” of 
aluminium may take place (pO2 lower than pO2sh), and thus only the formation of a porous 
alumina scale may be expected. This is confirmed by the thin and permeable alumina layer 
observed on the surface of the alloy after the experiments, which in fact comes from the 
process of “active-oxidation”, where volatile aluminium chlorides AlCl or AlCl3 formed 
diffuse in the outward direction and react again with oxygen to form alumina. 
 
However,  under the “oxidising” test atmsophere (x) located above the pO2sh value for 
aluminium, the depletion of aluminium from the β-NiAl phase is strongly less pronounced 
and close to 20 µm. A dense alumina layer of 6 µm favoured by a higher oxygen partial 
pressure, can be observed after the experiments.  
 
Under the  “reducing” test atmosphere, nickel showed a surprising resistance in the  β-NiAl 
phase against chlorine attack, not predicted by the new diagrams. Indeed, this atmosphere is 
located above the line where an evaporation rate of nickel equal to 1 mm/year should occur. 
The selective attack of aluminium may be the main reason of this disagreement. As 
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aluminium chlorides present a higher volatility and thermodynamic stability than nickel 
chlorides, this led to a preferential reaction of chlorine with aluminium.  
Under the  “oxidising” test atmosphere, the formation of a thick and dense NiO scale of 25 
µm occurred and validates what is expected from the “dynamic” quasi-stability diagrams. 
This atmosphere is excactly  situated on the isothermal line of nickel where the formation of 
nickel oxide should occur and limit the evaporation rate .  
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Figure 95: Ni and Al EPMA analysis on alloy L2 cross sections after exposure under 
“reducing” and “oxidising” atmospheres at 800°C in comparison with the 
corresponding “dynamic” quasi-stability diagrams. The vertical line represents 
the pO2sh value for Al.  
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5.2.2 Molybdenum and zirconium behaviour in 
NiAlMo alloys 
 
Both test atmospheres are located above the isothermal line of molybdenum, where an 
evaporation rate of molybdenum higher than 1mm/year is expected (Figure 96).   
As it has already been mentioned, a surprising resistance of molybdenum in the α-Mo phase 
was observed. This observation was particulary true under “reducing” atmospheres, where a 
very limited attack of molybdenum was detected. Such a behaviour of molybdenum was also 
observed under “reducing” conditions in the high molybdenum content Mo3Al phase of alloy 
L4,  and is clearly not predicted by the “dynamic” quasi-stability diagrams, where the 
formation of several volatile molybdenum chlorides, oxichlorides and trioxides is expected. 
Thus, a further discussion will be proposed later. 
 
One of the observations of this work, was the zirconium contamination of the NiAlMo alloys  
from the Yttria-stabilized ZrO2 crucible observed. Alloy L4  was particularly affected, where 
the zirconium content in the  (Ni, Zr) (Al, Mo) phase was up to 24 at %. A high depletion of 
zirconium from this phase was observed due to the formation of many volatile stable ZrClx 
under “reducing and “oxidising” conditions, as it can be observed in the EPMA analysis of 
zirconium, after 100 h time exposure, presented in Figure 96. The test atmosphere in Figure 
96 has an oxygen amount lower than the pO2sh value for zirconium. Experimentally, a 
depletion of zirconium which would correspond to a value of about 9 mm/year of evaporation 
rate was observed. Under such conditions, only a porous zircona scale may be obtained, 
leading to an acceleration of the zirconium evaporation rate. Even if the zirconium amount in 
the alloy was relatively high,  it did not provide the formation of a protective ZrO2 scale, and 
the depletion observed came basically from the zirconium reaction with chlorine producing 
volatile products.  
 
 
 
 
 
 
 
 
 
5. Discussion 
 
140 
 
 
 
 
 
-30 -25 -20 -15 -10 -5 0
-10
-8
-6
-4
-2
0
-10
-8
-6
-4
-2
0
 Zr
 Mo
 Hf
kl=1 mm/year
L=1.5 cm
v=0.75 cm/s
 
 
Lo
g 
pC
l 2 
[b
ar
]
Log pO2 [bar]
 
Figure 96: Mo and Zr EPMA analysis on alloy L2 and alloy L4  cross sections after 
exposure under “reducing” and “oxidising” atmospheres at 800°C in 
comparison with the corresponding “dynamic” quasi-stability diagrams. The 
vertical line represents the pO2sh value for Zr.   
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5.2.3 Discussion of the stability of the α-Mo phase 
under chlorine atmosphere 
 
Kinetic investigations of pure molybdenum under “reducing” atmospheres between 500°C 
and 800°C showed a significant high evaporation rate of this element in comparison with 
what was observed for the same element under  the same conditions in the α-Mo and Mo3Al 
phases.  
 
It has also already been concluded from several investigations [17,38] that molybdenum may 
under “reducing” conditions, as an alloying element of nickel base alloys, offer almost an 
“inert” behaviour against chlorine attack, which seems however, taking our investigations into 
account, not to be true for pure molybdenum.  
Only few papers with discussions or explanations are given in the literature concerning this 
difference in the behaviour of this element.  
Thus,  thermodynamic and crystallographic approaches were chosen here to propose an 
interpretation of this phenomenon taking the case of different Mo-Al intermetallics into 
account.  
Intermetallics that may form molybdenum alloyed with aluminium after the binary phase 
diagrams (Figure 97) are: MoAl, MoAl12, MoAl6, MoAl5, MoAl22, MoAl17, MoAl4, Mo3Al8, 
Mo37Al63, Mo3Al, and an α-Mo phase which consists on  a molybdenum solid solution with 
dissolved aluminium.  
 
 
Figure 97: Mo-Al phase diagram from [82] 
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The thermodynamic stabilty of these different intermetallics can be assessed by the formation 
enthalpies ∆Hf . Indeed, after the first principles of thermodynamics, the formation enthalpy 
includes the internal energy U where the lattice energy (characterising the strength  of bonds 
in a crystal) is one of the contributions to the former.  
Practically, the enthalpy of formation is the energy required to form one mole of the crystal. 
The smaller the (negative) formation enthalpy, the stronger are the average strength values of 
the bonds in a crystal.  
Figure 98 depicts the theoretical and experimental enthalpy of formation of different Mo-Al 
intermetallics at 25°C as a function of their Mo/(Al+Mo) atomic composition ratios [83,84]. 
Even if the difference between theoretical and experimetal values is relatively high, it follows 
the same trends on the Al-rich side, a decrease of aluminium content increases the crystal 
stability and thus the strength  of the bonds in the crystal. No values are avalaible for lower 
aluminium contents as in the α-Mo phase. Nevertheless, as Figure 98 shows the values of the 
formation enthalpy will reach a minimum around 50 at % (considering that the formation 
enthalpy of the pure elements is zero), offering there the most stable crystal , and will increase 
again to pure molybdenum.  
Therefore, the higher stability of the low aluminium Mo-Al phase under chlorine atmosphere, 
particularly verified under “reducing” conditions, may result from their low enthalpy of 
formation leading to a high strength  of the bond values in the crystal. Indeed, the stronger the 
bonds, the more stable these bonds will be against the reaction with chlorine. 
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Figure 98: Formation enthalpies at 25°C of several Mo-Al intermetallics as a function of 
their Mo/(Mo+Al) atomic composition ratios: experimental values (■) 
[83],theoretical values (▲) [84] 
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For illustration, a simulation of the Mo3Al and MoAl5 crystal structure was also carried out 
with Diamond 2.0 [85] and is presented in Figure 99 and Figure 100.  For this simulation 
space groups and  lattice parameters are needed and were taken from [86,87].  
It was observed for example that the Mo3Al crystal does not have Al-Mo covalent bonds but 
only Mo-Mo covalent bonds with a bond length of 2.475 Å. This bond length value is smaller 
than what may be observed in a pure molybdenum crystal (single Mo-Mo bond of 2.7 Å [88]) 
or in the bond lengths of  the MoAl5 crystal (single bond of arround 2.7 Å) . Such a bond 
length characterises a double bond [88] and is stronger than a single bond. Therefore, these 
crystal simulations agree quite well with what was concluded from the thermodynamical 
approach, i.e. in a Mo3Al  phase, stronger double bonds offer a better stability of the crystal 
than pure molybdenum or the MoAl5 crystal (where the aluminium amount is higher than the 
optimal content).  
 
 
Figure 99: Crystal structure simulation of  MoAl5 
 
 
Figure 100: Crystal structure simulation of Mo3Al 
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5.2.4 NiAl and NiAlMo APS-coatings in chlorine 
atmospheres 
 
As for the NiAlMo alloys, a comparison between predictions of the newly developed 
“dynamic” quasi-stability diagrams and the behaviour of Ni, Al and Mo in the NiAl and 
NiAlMo APS-coatings is performed. For this reason, the results from EPMA analysis of Ni, 
Al, Mo, under the two test atmospheres (“reducing” and “oxidising” conditions) are compared 
to the diagrams.  
 
   5.2.4.1 NiAl APS-coatings  
 
Both of the test atmospheres are located below the isothermal line, where an evaporation rate 
of aluminium equal or lower than 1 mm/year is expected  (Figure 101). 
 
 Under the “reducing” test atmsophere (+) which is located close to the pO2sh value for 
aluminium, stable alumina was formed and is concentrated at the bottom of the attacked zone. 
The process of “active-oxidation” was limited and no depletion of aluminium was measured. 
Thus, agreement between these observations and what is predicted by the “dynamic” quasi-
stability diagrams under these conditions seems to be quite good.  
However,  under “oxidising” atmsophere (x), even if the pO2 is higher than pO2sh under these 
conditions, a significant acceleration of aluminium oxidation was observed assigned to a  
pronounced process of “active-oxidation”. A porous alumina layer of 125 µm was analysed. 
The evaluation of pO2sh with equation (41) seems to be not valid here, as the coatings 
presented a much more porous structures than the alloys. The oxygen flow through the gas 
boundary layer, for such porous structures, has to be significantly higher than the chlorine 
flow, in order to lead to a higher pO2sh value and enabling thus  the formation of a  dense and 
compact oxide.  
 
Our test atmospheres are located clearly above the line predicting an evaporation rate of 
nickel of  1 mm/year. Depletion of nickel ranges from 54 µm for “reducing” conditions and 
up to 360 µm for “oxidising” atmospheres, which would correspond to an evaporation rate 
between 5 mm/year and 32 mm/year. Nevertheless, the very high depletion rate of nickel 
under “oxidising” condition was also particularly favoured by the pronounced “active-
oxidation” of aluminium, leading to the formation of porous (but thermodynamically stable) 
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alumina, and making thus nickel, present in the Al2O3 rich zone more vulnerable to a chlorine 
attack.  
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Figure 101: Ni and Al EPMA analysis of NiAl APS coating cross sections after exposure 
under “reducing” and “oxidising” atmospheres at 800°C in comparison with 
the corresponding “dynamic” quasi-stability diagrams. The vertical line 
represents the pO2sh value for Al 
Ni Al
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   5.2.4.2 NiAlMo APS-coatings  
 
Both of the test atmospheres are located above the nickel and molybdenum isothermal lines 
(Figure 102) and an evaporation rate higher than 1 mm/year has to be expected. 
The diagram predictions for nickel and molybdenum agree particularly well with the 
corresponding experimental observations under “oxidising” conditions. A depletion of nickel 
and molybdenum of 125 µm was analysed, which would correspond to an evaporation rate of 
8,7 mm/year. However, this depletion may also be strongly intensified by an enrichment of 
stable alumina through a process of “active-oxidation” initiated by aluminium, as it has 
already been explained for the NiAl APS-coatings. This alumina enrichment (which is 
thermodynamically very stable), was followed by a preferential reaction of chlorine with 
molybdenum and nickel.  
Under “reducing” condition molybdenum seems to be unaffected and offers a high resistance 
under chlorine, even if these results were not predicted by the “dynamic” quasi-stability 
diagrams. The ability of molybdenum as alloying element to develop a high resistance against 
chlorine attack and the formation of a closed and compact alumina scale, may explain this 
limited evaporation rate.  
Aluminium confirms under the “reducing” atmosphere test,  what can be expected through the 
dynamic quasi-stabilty diagrams, as a very limited attack of this elemtent was observed. 
However under “oxidising” conditions the same behaviour as for the NiAl APS-coatings was 
noted, a strong oxidation of aluminium through an “active-oxidation”  process was observed.  
Nevertheless the porous alumina scale was slighly thinner than this of the NiAl APS-coating 
under the same conditions. As it was discussed before, this phenomenon is not predicted by 
the new “dynamic” quasi-stability diagrams. It may essentially be attributed to the mechanism 
of “active-oxidation” of alloying elements of a porous structure. The following paragraph 
offers an explanation of this mechanism.  
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Figure 102: Ni, Al and Mo EPMA analysis of NiAlMo APS coating cross sections after 
exposure under “reducing” and “oxidising” atmospheres at 800°C in 
comparison with the corresponding “dynamic” quasi-stability diagrams.  The 
vertical line represents the pO2sh value for Al 
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5.2.4.3 Mechanism of “active-oxidation” for porous 
structures 
 
In the previous part, “active-oxidation” was shown to be significantly facilitated by porous 
structures such as coatings.  
It has already been concluded from [51], that the rate constant kp’’ corresponding to the oxide 
growth by vapour phase transport of chlorides MxCly  through porous structures can be written 
as:  
    yxClMp ClpMDd
Mk
yx
ε=''      (68) 
 
where M and d are the metal chloride molecular weight and density, respectively, DMxCly is the 
metal chloride gas diffusion coefficient, pMxCly  is the metal chloride partial pressure at the 
metal/oxide interface and ε is the void fraction of the structure and/or the oxide. 
 
Equation (68) suggests that kp’’, coming from the process of the oxide growth by vapour 
phase transport of volatile chloride,  depends strongly on the porosity of the structures as well 
as on the metal chloride volatility.  
Futhermore, Figure 103 illustrates the oxygen partial pressure gradient existing between a 
metal surface coated by a porous structure, and the environment (process gas atmosphere), for 
the cases of a low oxygen content and a high oxygen content in the environment. Therefore, 
according to the very low oxygen dissociation partial pressure of metal oxide formation, in 
case of a high oxygen content in the environment, the oxygen gradient is more pronounced. 
For this reason, in this last case the oxygen partial pressure sufficient to initiate the process of 
“active-oxidation” is already reached inside the porous structure, whereas for low oxgen 
content in the environment this oxygen partial pressure limit is reached close to the surface of 
the porous structure. In the last case the cycle of “active-oxidation” is concentrated in a 
narrow zone at the surface of the porous structure leading to a dense and protective oxide 
layer.  
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Figure 103: Mechanism of “active-oxidation” for porous structures, inducing an 
acceleration of the oxidation of an element forming highly volatile metal 
chlorides. pO2S represents the oxygen dissociation partial pressure of metal 
oxide formation. pO2 acitve oxidation is the oxygen partial pressure above which the 
“active-oxidation” of the porous structure alloying elements is initiated. A’ and 
B’ describe the points where “active-oxidation” is initiated in the porous 
structure for low oxygen content and for high oxygen content respectively.  
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6. Conclusions  
The aim of the present study was to develop a highly resistant coating for both reducing- and 
oxidising-chloridising high temperature environments. For this, an evaluation of the state-of-
the-art was performed and the new concept of the “dynamic” quasi-stability diagram was 
introduced, which served as a basis for the coatings design. Both suggest that Ni-Al and Ni-
Mo-Al systems should be particularly suitable for this purpose.  
Therefore NiAl and NiAlMo bulk alloys were produced and tested under chlorine 
atmospheres, and the results were used for the optimization of the coating compositions. 
It appears clearly that NiAlMo coating systems may offer a higher corrosion protection 
potential than NiAl coating systems under "reducing" and "oxidising" conditions as it is 
highlighted in Figures 104 and 105. Under "reducing" environments, NiAlMo APS-coatings 
showed a particularly high corrosion resistance in comparison with conventional Ni-base and 
Fe-base alloys investigated in previous work [5,17]. Under "oxidising" conditions, the 
corrosion resistance of the NiAlMo APS-coatings is less pronounced but still higher than that 
of conventional materials.   
Thus, the new type of NiAlMo APS-coating developed offers significant potential for 
protecting components involved in high temperature process plants operating under 
conditions of high Cl2 content.  
 
The new “dynamic” quasi-stability diagram is based on thermodynamic as well as transport 
data of the gas boundary layer (contrary to the conventional stability diagram and the “static” 
quasi-stability diagram where only thermodynamic considerations are taken into account). 
This diagram assumes:  
1) A concentration (partial pressure) gradient exists across the gas boundary layer on the 
material surface with regards to chlorine in the gas environment and the metal chloride 
formed on the metal surface. 
2) The thickness of the gas boundary layer and, thus, the concentration gradients are a 
function of the metal surface shape and dimensions as well as of the gas flow rates of the bulk 
gas (technical situation). 
3) The partial pressure gradients are determined by the chlorine concentration in the bulk 
reaction environment and the thermodynamic equilibrium at the gas boundary layer/metal 
interface. 
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4) As further rate limiting parameters the diffusion constants or transfer coefficients in the gas 
boundary layer enter the quantitative assessment of the corrosion resistance of the metals and 
alloys in the new type of diagram.  
Following these assumptions the “dynamic” quasi-stability diagram reflects the actual 
situation at a material surface where corrosion is dominated by the formation of volatile 
corrosion species and therefore overcomes the drawbacks of the other approaches. 
 
"Dynamic" quasi-stability diagrams developed for several technical elements as corrosion risk 
assessment tools offered a good agreement with the kinetics investigations of the pure 
elements, as well as with the results from the exposure tests of the NiAl and NiAlMo alloys.  
However the use of such diagrams comes to its limits for the corrosion rate assessment of 
porous structures such as coatings, where an acceleration of the corrosion rate, due essentially  
to an initiation of the process of "active-oxidation”, may be observed. 
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Figure 104: Depth of attack of NiAl APS-coatings, NiAlMo APS-coatings, and 
conventional Ni-base and Fe-base alloys [5,17], after exposure in chlorine 
atmosphere under “reducing “ conditions at 800°C  
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Figure 105: Depth of attack of NiAl APS-coatings, NiAlMo APS-coatings, and 
conventional Ni-base and Fe-base alloys [5], after exposure in chlorine 
atmosphere under “oxidising “ conditions at 800°C 
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